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Abstract 
 
Mercury (Hg) is a neurotoxic trace metal pollutant with a global distribution and a 
complex biogeochemical cycle. Gaining a better understanding of the behavior of Hg in the 
environment has implications for both environmental and human health. Anthropogenic activity 
has directly altered the biogeochemical cycling of Hg, both by the direct release of Hg to the 
environment related to historic use (i.e. mining, industrial activity) as well as ongoing emissions 
of Hg as a byproduct of energy production (i.e. coal and natural gas combustion). There are still 
significant uncertainties in the understanding of how anthropogenic Hg sources, both legacy and 
modern, affect global Hg cycling and environmental health. The developing study of Hg stable 
isotope ratios in environmental samples has presented a new tool for understanding the processes 
that control Hg biogeochemistry. Throughout this dissertation, we have applied measurements of 
Hg stable isotope ratios in samples from sites affected by anthropogenic Hg contamination to 
enhance understanding of the biogeochemical behavior of Hg. In Chapter 2 and 3, we focused on 
understanding the Hg cycling within freshwater aquatic ecosystems by studying the South River, 
VA, which is the site of historic industrial Hg contamination. To describe the large range of 
observed Hg isotopic variation within the channel environment, a source end-member mixing 
model was proposed, identifying a regional background end-member and two end-members 
deriving from the historic industrial activities. We observed for the first time a discharge-
dependent isotopic partitioning of Hg between the dissolved and suspended particulate phase of 
surface waters and proposed a fractionation mechanism to explain this observation. Examination 
of sediments of a floodplain profile provided evidence that there was significant temporal 
 viii 
variability of the isotopic composition of past releases of Hg into the South River, with brief 
excursions in isotopic composition in the past recorded in the floodplain profile. In Chapter 4, we 
present the first measurements of the isotopic composition of Hg within natural gas. To obtain 
these measurements, we analyzed catalysts from mercury removal units at gas processing 
facilities that served to concentrate Hg for isotopic analysis. Significant variation in the isotopic 
composition of Hg within natural gas on a global scale was observed, as well as the regional 
scale. With further work these results could be used to investigate the impacts of natural gas 
processing at a local scale and could be included in Hg emissions models that incorporate Hg 
isotope mass balances. Altogether, this dissertation has expanded the use of stable Hg isotope 
ratios as tracers of anthropogenic Hg releases to the environment. 
 1 
Chapter 1 Introduction 
1.1 Mercury as a Global Pollutant 
Mercury (Hg) is a neurotoxic trace metal with a global distribution due to natural 
processes and human activities. A number of natural sources of Hg contribute to the global Hg 
budget, including volcanic and geothermal emissions, re-emission from soils, and biomass 
burning. The impact of Hg on environmental and human health depends in large part on 
geochemical reactions and processes (Selin, 2009). For example, the redox cycling of Hg is an 
important control on the common Hg species found in the environment in solid, aqueous phase, 
and gaseous forms. Transformation of inorganic Hg species into the more toxic organometallic 
species monomethylmercury (MMHg) occurs in the environment via microbial activity, 
primarily by iron- and sulfate- reducing bacteria in anoxic environments.  
Anthropogenic activity has altered how Hg species cycle through the biosphere on a 
global scale (Driscoll et al., 2013), and many questions remain regarding critical aspects of these 
cycles. Anthropogenic emissions of Hg to the atmosphere (e.g. as a byproduct of coal 
combustion) contribute to the global atmospheric pool of Hg that has a relatively long residence 
time of ~0.5 to 1 years (Gustin et al., 2015). Direct impacts of anthropogenic activity are also 
observed at a local scale at sites of Hg contamination, which historically have resulted from 
activities such as artisanal small-scale gold mining, chlor-alkali production, non-ferrous metal 
smelting, and a number of other industrial processes (Kocman et al., 2013). Of particular concern 
are Hg contamination sites with aquatic impairment, as inorganic Hg released to aquatic 
environments is readily transformed into the more toxic MMHg form, and subsequently 
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bioaccumulated and biomagnified up aquatic food chains. Consumption of high trophic level fish 
represents a major exposure pathway for humans to MMHg (Mergler et al., 2007). Additionally, 
discharges of anthropogenic Hg to freshwater ecosystems are understudied relative to other 
components of the global Hg cycle, and understanding the balance of Hg sources (diffusive 
inputs from the catchment, current primary anthropogenic releases, re-emission from historic Hg 
deposits) in these complex aquatic environments represents a substantial challenge (Kocman et 
al., 2017). The analysis of stable Hg isotope ratios in environmental samples is an emerging tool 
for answering many of the questions that remain in regards to the biogeochemical cycling of Hg. 
1.2 Mercury Stable Isotope Fundamentals 
Measurements of Hg isotopic composition are made possible by separation and pre-
concentration of Hg from samples followed by introduction as a Hg cold vapor into the plasma 
source of a multi-collector inductively coupled mass spectrometer (MC-ICP-MS). The methods 
of Hg pre-concentration from environmental samples presented throughout this dissertation have 
been well established in the literature (e.g. Biswas et al., 2008; Demers et al., 2013), and the 
number of studies using high precision measurements of Hg isotopic composition via MC-ICP-
MS has expanded in the last decade. Hg has seven stable isotopes (masses 196, 198, 199, 200, 
201, 202, and 204) and participates in a variety of redox reactions, which can cause isotope 
fractionation. Hg can undergo two general types of isotope fractionation: mass-dependent 
fractionation (MDF) and mass-independent fractionation (MIF). MDF occurs in reactions with 
nuclear mass selectivity (i.e. classic isotope effect), and is generally reported as the δ202Hg value, 
where: 
 
δ202Hg (‰) = ([(202Hg/198Hg)Sample / (202Hg/198Hg)NIST3133]−1)×1000 
 3 
 
MDF of Hg has been documented for a wide range of processes that influence Hg 
biogeochemical cycling, such as aqueous sorption (Wiederhold et al., 2010; Jiskra et al., 2012), 
diffusion (Koster Van Groos et al., 2014), and abiotic reduction (Zheng and Hintelmann, 2010). 
In addition to abiotic reactions, MDF has been observed in a number of biological reactions, 
including microbial methylation and demethylation, and microbial reduction (Kritee et al., 2007; 
Kritee et al., 2008; Rodriguez-Gonzalez et al, 2009; Kritee et al., 2013; Janssen et al., 2016).  
MIF of Hg has been documented for a distinct subset of reactions, and is represented with 
∆199Hg, ∆200Hg, ∆201Hg, and ∆204Hg, which are calculated as the deviation of the odd-mass 
isotopes from the predicted kinetic isotope fractionation law in units of permil (‰) (Blum and 
Bergquist, 2007), where:  
 
ΔxxxHg (‰) = δxxxHg – (δ202Hg × β) 
 
 with β = 0.252, β = 0.502, β = 0.752, and β = 1.493, respectively. In the environment, large 
magnitude odd MIF anomalies (affecting the ∆199Hg and ∆201Hg values) have been observed in 
environmental reservoirs that incorporate Hg that has undergone photochemical reactions, such 
as MeHg in fish (Bergquist and Blum, 2007; Blum et al., 2014). These large magnitude MIF 
anomalies are thought to be related to fractionation caused by the magnetic isotope effect, and 
the isotopes of mass 199 and 201 have non-zero nuclear spin and magnetic moments (Bergquist 
and Blum, 2007; Zheng and Hintelmann, 2009; Chandan et al., 2015). Much smaller magnitude 
odd MIF anomalies have been observed due to fractionation associated with the nuclear volume, 
or nuclear field shift, effect during equilibrium reactions (Schauble, 2007; Wiederhold et al., 
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2010; Ghosh et al., 2013). Small but significant magnitude even MIF anomalies (affecting the 
∆200Hg and ∆204Hg values) have been observed for samples that contain Hg that has undergone 
atmospheric cycling, namely precipitation and atmospheric gaseous elemental Hg (Blum et al., 
2014; Cai and Chen, 2015). The exact mechanism causing even MIF is still unknown, although 
some authors have suggested UV self-shielding as potential explanation (Mead et al., 2013; 
Blum and Johnson, 2017). Despite the lack of understanding as to the causal mechanism of even 
MIF, it is widely accepted that even MIF can be used as a conservative tracer for Hg that has 
been subject to atmospheric cycling prior to inclusion in the measured sample reservoir. 
 The measurement of Hg isotope ratios in the environment has been used extensively in 
previous studies to identify sources of anthropogenic Hg and to trace the movement of Hg 
between reservoirs (Blum et al., 2014; Yin et al. 2010). This is because in addition to the fact that 
stable isotope analysis can be used to track the sources of environmental contamination (e.g. 
source tracing), it can also reveal specific chemical mechanisms can result in both MDF and 
MIF, resulting in a additional “two-dimensional tracer” of Hg source and transformations 
(Wiederhold, 2015). This ability to accurately “fingerprint” the complex transformations of Hg 
in environmental systems makes stable isotope studies an excellent tool for understanding the 
transport of Hg contamination from anthropogenic origins and the conditions affecting its 
mobility and bioavailability in the environment. 
1.3 Applications of Mercury Stable Isotopes: Dissertation Narrative Structure 
Overall, this dissertation used Hg stable isotope analysis to gain insights into the 
biogeochemical cycling of Hg in environmental systems. In Chapters 2&3, we investigated Hg 
cycling within the contaminated South River, VA. The South River is a site of extensive 
anthropogenic Hg contamination originating from a former DuPont textile manufacturing plant 
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in Waynesboro, VA. Mercuric sulfate was used as a catalyst at the plant between 1929 and 1950 
in the production of acetate fibers (Carter, 1977). During this period of mercuric sulfate catalyst 
use at the former DuPont facility, significant amounts of Hg were lost and entered the South 
River channel. Hg-contaminated sediments have been identified throughout South River 
ecosystem, and a substantial body of literature has demonstrated the ongoing impacts of this Hg 
contamination on downstream ecosystems. Studies have documented elevated Hg levels within 
the biota of both the aquatic (Murphy et al., 2007; Neufeld 2009; Bergeron et al., 2010; Brent & 
Kain, 2011) and associated terrestrial environments of the South River (Cristol et al., 2008; 
Jackson et al., 2011). 
In Chapter 2 (published in Environmental Science & Technology), we present a survey of 
the Hg isotopic composition of the main physical reservoirs of Hg within the South River 
(Washburn et al., 2017). Samples were collected along a longitudinal transect of the South River, 
starting upstream of the historic Hg contamination point-source and extending downstream to the 
confluence with the South Fork Shenandoah River. Analysis of the THg concentration and Hg 
isotopic composition of these reservoirs indicates that the regional background mercury source is 
isotopically distinct in both ∆199Hg and δ202Hg from Hg derived from the original source of 
contamination, allowing for the tracing of contamination-sourced Hg throughout the study reach. 
An end-member mixing model is developed, as three distinct end-members are required to 
explain the Hg isotopic and concentration variation observed in the South River channel. A 
consistent negative offset in δ202Hg values (~0.28‰) was observed between Hg in the suspended 
particulate and dissolved phases of surface, and a mechanism for this fractionation is proposed. 
In Chapter 3 (in review at Chemical Geology), we expanded upon the work of Chapter 2 
to quantify the spatial, temporal, and hydrologic constraints on Hg isotopic composition within 
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the South River (Washburn et al., 2018, in review). Increased spatial resolution sampling in the 
reach adjacent to the former DuPont industrial facility allowed for the identification of the 
physical source, upstream streambed sediments, of the previously unknown end-member 
identified in Chapter 2. This allowed us to update the end-member mixing model for the South 
River, which is able to explain the full range of Hg isotope variation observed within the South 
River channel. By sampling surface waters at elevated flow conditions, we demonstrated that 
hydrologic conditions alter the isotopic partitioning of Hg between dissolved and particulate 
phases in these surface waters. Brief temporal excursions in δ202Hg values were observed in 
sediments collected from a dated floodplain profile, indicating that past releases of Hg to the 
South River did not have a completely homogenous isotopic composition, providing a potential 
explanation for heterogeneity in isotopic composition observed in the present. Taken together, 
Chapters 2&3 underscored the utility of Hg stable isotopes to both identify and trace Hg sources 
in environmental systems, as well as the need for future studies to account for the full range of 
full range of biogeochemical conditions and potential source variations within these complex 
environments.  
 In Chapter 4 (published in ACS Earth and Space Chemistry), we shifted focus to study 
Hg in natural gas (NG) (Washburn et al., 2018). A number of commercially relevant 
hydrocarbon sources contain trace levels of Hg, although the concentrations of Hg within NG 
deposits can vary widely at both the basin level and within single gas production field, with Hg 
concentrations commonly observed to range between 0.01 and 5,000 µg/m3 (Wilhelm, 2001: Liu, 
2013). At sites with particularly elevated Hg concentrations, NG production could be a 
significant source of Hg emissions to local environments (Spiric and Mashyanov, 2000; Horvat 
et al., 2000). Some NG production facitilites have identified the need to remove Hg from 
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production streams prior to processing, installing mercury removal units (MRU) consisting of 
pelletized inorganic metal sulfide pellets to ensure safe plant operation. In an effort to gain a 
better understanding of the Hg dynamics associated with NG production, we conducted the first 
survey of the Hg isotopic composition in NG, as collected on MRU catalysts. Our results 
indicate that the Hg isotopic composition varies significantly on a global scale (δ202Hg = -3.75 to 
-0.68‰), as well as at a regional scale [SE Asia] (δ202Hg = -2.57 to -0.68‰). Analysis of 
samples from within a single MRU reactor suggested that significant fractionation observed 
within MRU reactors was related to sorption of gas phase Hg to catalyst surfaces, and was 
proposed to follow a Rayleigh fractionation model. With further efforts, Hg isotope analysis of 
NG could be used to trace atmoshperic Hg in local and regional environments, and used in 
atmospheric Hg isotope models. 
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Abstract: Historic point source mercury (Hg) contamination from industrial processes on the 
South River (Waynesboro, Virginia) ended decades ago, but elevated Hg concentrations persist 
in the river system. In an effort to better understand Hg sources, mobility, and transport in the 
South River, we analyzed total Hg (THg) concentrations and Hg stable isotope compositions of 
streambed sediments, stream bank soils, suspended particles, and filtered surface waters. 
Samples were collected along a longitudinal transect of the South River, starting upstream of the 
historic Hg contamination point-source and extending downstream to the confluence with the 
South Fork Shenandoah River. Analysis of the THg concentration and Hg isotopic composition 
of these environmental samples indicates that the regional background Hg source is isotopically 
distinct in both ∆199Hg and δ202Hg from Hg derived from the original source of contamination, 
allowing the tracing of contamination-sourced Hg throughout the study reach. Three distinct end-
members are required to explain the Hg isotopic and concentration variation observed in the 
South River. A consistent negative offset in δ202Hg values (~ 0.28‰) was observed between Hg 
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in the suspended particulate and dissolved phases, and this fractionation provides insight into the 
processes governing partitioning and transport of Hg in this contaminated river system. 
2.1. Introduction 
Mercury (Hg) is a toxic trace metal and its global distribution and active geochemical 
cycle have important environmental and human health implications. Anthropogenic activity has 
altered how Hg cycles through the environment and there are still many uncertainties regarding 
critical steps in the Hg biogeochemical cycle.1 The measurement of Hg isotope ratios in 
environmental reservoirs has been used to identify sources of anthropogenic Hg and trace the 
movement of Hg between reservoirs. This has been demonstrated in a number of recent studies 
in contaminated freshwater river systems,2-9 as well as in a relatively uncontaminated river 
system.10,11 Thus, there is the potential to trace the transport of Hg contamination from industrial 
sites and to gain insight into chemical and biological transformations of Hg that effect its 
mobility and bioavailability using Hg stable isotopes. 
 Mercuric sulfate was used as a catalyst in the production of acetate fibers at the former 
DuPont textile manufacturing plant in Waynesboro, VA between 1929 and 1950.12 The 
production of acetic anhydride produced a sludge that contained mercury, which was transported 
from one building to another building that housed a retort furnace that was used to recover 
elemental mercury.13 During this period, significant amounts of Hg entered the South River, and 
Hg-contaminated sediments have been identified throughout the channel, river banks, and over-
bank deposits of the South River and the South Fork Shenandoah River.14 A series of studies 
have demonstrated the ongoing impacts that this Hg contamination has had on the aquatic, 
riparian, and terrestrial ecosystems of the South River and South Fork Shenandoah River. 
Ongoing field monitoring data indicate that total Hg and methyl mercury (MeHg) concentrations 
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in small mouth bass (Micropterus dolomieu) remain elevated and have not decreased over the 
past several decades.15,16 The migration of legacy aquatic Hg into terrestrial ecosystems has been 
demonstrated by elevated blood Hg concentrations found in a variety of terrestrial feeding 
birds,17,18 as well as models of MeHg biomagnification from contaminated floodplain soils into 
trophic food webs which include avian predators.19 MeHg concentrations in sediments during 
seasonal sampling is not well correlated with total Hg in sediments, suggesting that a complex 
set of processes are likely controlling mercury methylation and demethylation rates.16 Thus, 
significant knowledge gaps exist with regard to spatial and temporal variations in Hg transport, 
MeHg production, and biotic uptake within the South River. The aim of this study is to provide 
enhanced insight into the processes controlling the transport and aquatic biogeochemical cycling 
of Hg in the South River through analysis of the stable Hg isotopic composition of a variety of 
inorganic mercury (IHg) reservoirs along a longitudinal transect of the South River, Virginia.  
2.2 Materials and Methods 
2.2.1 Regional Setting 
The South River is a fourth order, single-thread, gravel-bed river located in the Valley 
and Ridge Province of Virginia, USA (Figure S1).20,21 This study focuses on a 48 km reach of 
the river, from 4 km upstream of the former DuPont plant in Waynesboro, VA to the confluence 
of the South River with North River where they become the South Fork of the Shenandoah River 
in Port Republic, VA. Thirteen mill dams existed between Waynesboro and Port Republic before 
1957, but all were breached by 1974.22 Previous studies have indicated that on the upstream side 
of these mill dams there were areas of deposition for Hg-laden sediments and today these are 
areas with elevated rates of bank erosion.20 Overall, sample sites were chosen to provide a broad 
understanding of the sources of Hg to the various physical reservoirs in which Hg is stored in the 
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South River, and of the transport of Hg between these reservoirs and the channel environment. 
Streambed sediments and bank soils were collected to characterize the Hg isotopic composition 
at a reach scale between these significant Hg storage reservoirs. Groundwater influxes, release 
from floodplains, and modern releases from the former DuPont facility could all potentially be 
additional Hg inputs to the channel, so representative sampling locations for each potential Hg 
source were chosen. Finally, surface water samples were collected to evaluate the Hg dynamics 
within the channel. A site on the Middle River about 12 km west of the South River (Figure S1) 
was chosen as an appropriate reference site due to its lack of known Hg point-source 
contamination, location in the adjacent valley, and its similar river characteristics.  
2.2.2 Sample Collection and Processing 
Streambed sediment and bank soil samples were collected from eight locations along the 
South River channel and from one floodplain pond (Figure S1) in April 2014. Following the 
convention of previous work on the South River system,21 sampling locations are labeled 
according to their distance, in relative river kilometers (RRKm) along the channel from a known 
historic point source of Hg at the former DuPont plant (e.g., RRKm 0.0). Bulk bank soil samples 
were collected as composite grab samples from exposed banks. Streambed sediments were 
collected using a hand-operated PVC bilge pump to effectively sample interstitial fine-grained 
sediment from between cobbles on the coarse streambed.21 Sediments and bank soils were 
collected into acid washed containers in the field. Sample containers were placed on ice in the 
field, frozen within 8 hours of collection, shipped on ice back to the University of Michigan 
where they were stored at -18 ºC. Sediment and bank soil samples were subsampled, freeze-
dried, and dry sieved through acid-cleaned nylon mesh to remove detritus > 2mm. The < 2mm 
size fraction was then homogenized in an alumina ball mill that was cleaned between samples. 
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To evaluate the contributions to the channel from groundwater influxes, bank porewater 
samples were collected from two permanent piezometer wells installed at the RRKm 5.6 
sampling site. Samples were also collected at Wertman pond, a small pond (surface area of 450 
m2) located in the 2-year floodplain, 195m from the main channel of the South River at 
approximately RRKm 14.5 to better characterize the dynamics of Hg storage within the 
floodplain environments. To assess the impact of current minor releases of Hg from the former 
DuPont facility, water was collected from Outfall 001, an outfall pipe with an average output of 
0.14 m3/s that delivers water from an onsite wastewater treatment plant and stormwater system to 
the South River channel at ~RRKm -0.8.  
Filtered stream water and suspended sediment samples were collected under baseflow 
conditions during June 2014. Samples were collected at each of the locations where sediment 
and bank soil had been collected, as well as at reference sites on the Middle River (MR-01) and 
the South Fork Shenandoah (SFR-01) (Figure S1) and the two permanent stream bank 
piezometers at RRKm 5.6. Water samples were collected, filtered, and preserved in the field, 
using trace-metal clean sampling methods following a modified EPA Method 1669.23 Filters 
were frozen and water samples were placed in refrigerated storage at the end of each sampling 
day and transported in coolers back to the University of Michigan. Filters were freeze-dried and 
stored in desiccating chambers. Water samples were oxidized with 1% BrCl (w/v), which was 
allowed to react with the water sample in dark, refrigerated storage for a minimum of one 
month.24 Field blanks were collected periodically during the sampling campaign using 1L of de-
ionized water, processed in parallel with samples, and were determined to not contain 
significantly more Hg than procedural blanks. At each site, 1L of water was collected into a 
HDPE bottle and used to determine the total suspended solids (TSS) of surface water.25 TSS 
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values were used in the calculation of distribution coefficients (log(Kd)) using THg values of the 
associated filtered surface water and suspended material following the method of Hurley et al. 
(1998).26  
2.2.3 Sample Preparation for Isotope Analysis and THg Concentrations 
Hg in streambed sediments, bank soils, and suspended materials (filters) was separated 
for THg concentration and Hg stable isotope measurement by offline combustion, as described in 
detail elsewhere.27,28 Filtered surface water was purged and trapped into 1% KMnO4 in 10% 
H2SO4 (w/w) [1% KMnO4 ] solution for isotope analysis following the procedure outlined in 
Demers et al. (2013)28 with slight modifications. Prior to purging and trapping, THg 
concentrations of each sample bottle were determined by running small aliquots via cold vapor 
atomic fluorescence spectroscopy [CV-AFS] (Nippon Instruments RA-3000FG+). For each 
sampling site, the THg concentration for the filtered surface water sample is reported as the 
average of measured THg concentrations (ng/L) in each bottle collected at that site.  
Trapping solutions of both combustion and purge and trap samples were partially reduced 
with 2% (w/w) of a 30% solution of NH2OH·HCl, then a small aliquot was taken and measured 
for THg by CV-AAS (Nippon Instruments MA-2000). Combustion trap contents were then 
purged into a secondary 1% KMnO4 trapping solution to remove potential matrix components 
from combustion residues and to adjust Hg concentrations prior to isotopic analysis.29,30 
2.2.4 Hg Isotope Analysis 
The Hg isotopic composition of the secondary trapping solution was measured by cold 
vapor multi-collector inductively coupled plasma mass spectrometry (CV-MC-ICP-MS, Nu 
Instruments). Trapping solutions were partially reduced with a 30% solution of NH2OH·HCl at 
2% of the total sample by weight and diluted with a similarly reduced 1%KMnO4 solution to 
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between 0.95 and 5.7 ng/g. Hg was reduced online to Hg(0) by the addition of 2% (w/w) SnCl2 
and separated from solution using a frosted tip gas-liquid separator designed and built at the 
University of Michigan.31 Hg(0) was then carried into the MC-ICP-MS inlet by an Ar gas 
stream. An internal Tl standard (NIST 997) was introduced as a dry aerosol into the carrier Ar 
gas stream and used to correct for instrumental mass bias. Strict sample-standard bracketing with 
a solution of NIST 3133 that was matched for both concentration and solution matrix was further 
used for mass bias correction.32 
Mercury stable isotope compositions are reported throughout this paper in permil (‰) 
using delta notation (δxxxHg) relative to NIST Standard Reference Material (SRM) 3133 (Eq. 1), 
with mass dependent fractionation (MDF) based on the 202Hg/198Hg ratio (δ202Hg).32 Mass 
independent fractionation (MIF) is reported as the deviation from the theoretically predicted 
δxxxHg values based on the kinetic mass fractionation law and is reported with capital delta 
notation (∆xxxHg) according to Eq. 2.  In this study MIF is represented with ∆199Hg, ∆200Hg, 
∆201Hg, and ∆204Hg, using β = 0.252, β = 0.502, β = 0.752, and β = 1.493,respectively.32 
Equation 1: δxxxHg (‰) = ([(xxxHg/198Hg)Sample / (xxxHg/198Hg)NIST3133] – 1) × 1000 
Equation 2: ΔxxxHg (‰) = δxxxHg – (δ202Hg × β) 
Procedural blanks and SRMs (NIST 3133 and NIST SRM 2711 “Montana Soil”) were 
processed in parallel with samples for THg concentration and Hg isotopic composition. The THg 
of NIST 2711 measured by offline combustion agreed within 5% of certified values 
(6.24±0.14µg/g, n=7; Table S2), and recoveries during secondary trapping were 98.8±3.4% 
(1SD, n=7, min= 91.8%). The Hg isotopic composition of NIST 2711 was consistent with 
previously reported values (Table S2).33,34,35 External reproducibility of Hg isotope 
measurements was estimated from measurements of the standard error (2SE) of the mean 
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isotopic composition of NIST 2711 replicates and NIST 3133 procedural standard replicates. The 
analytical uncertainty associated with NIST 2711 was lower than the uncertainty associated with 
the UM-Almadén standard (Table S2) and we therefore represent the uncertainty of Hg isotope 
measurements of combustion samples (e.g. bank soils, streambed sediments, and suspended 
particulates) in this study as the 2SD of mean Hg isotope values of replicate UM-Almadén 
measurements in this study: ±0.04‰ for δ202Hg and ±0.03‰ for ∆199Hg and ∆201Hg. However, 
the analytical uncertainty associated with NIST 3133 procedural standards was greater than that 
associated with UM-Almadén (Table S2). We therefore represent the uncertainty of Hg isotope 
measurements of filtered surface water samples in this study as the 2SE of mean Hg isotope 
values of replicate NIST 3133 procedural standards: ±0.13‰ for δ202Hg,  ±0.11‰ for ∆199Hg, 
and ±0.02‰ for ∆201Hg. 
2.3. Results and Discussion 
2.3.1 Mercury Concentration and Isotopic Variation in Streambed Sediments and Bank 
Soils 
Streambed sediment and bank soil THg concentrations at the site upstream of the historic 
industrial source (RRKm -4.0) are low (0.08 and 0.04 µg/g, respectively) and similar to other 
non-impacted sites in fluvial systems in the region.36 The Hg isotopic composition for streambed 
sediment at the upstream site is δ202Hg = -1.27 ± 0.04‰, and ∆199Hg = -0.21 ± 0.03‰ and bank 
soil values are δ202Hg = -1.01 ± 0.04‰ and ∆199Hg = -0.18 ± 0.03‰ (Table S1). The Hg 
isotopic composition of sediments and soils in this upstream reach of the South River are similar 
to those previously reported for sediments from non-point-source-impacted streams in the region 
(δ202Hg of −1.40 ± 0.06‰),2 which were presumed to be representative of both geogenic Hg 
inputs and atmospherically deposited Hg to the watershed. In comparison to the regional 
 19 
background, the concentrations of sediment and bank soil (2.81 and 53.3 µg/g, respectively) 
found at the first site impacted by industrial contamination (RRKm 0.0) are orders of magnitude 
higher, representing the substantial amounts of Hg that were added to these reservoirs during the 
period of Hg use at the historic plant site. Reflecting the industrial source of this Hg, the Hg 
isotopic composition at this first contamination impacted site, RRKm 0.0, for both sediment 
(δ202Hg = -0.60 ± 0.04‰, ∆199Hg = 0.04 ± 0.03‰) and bank soils (δ202Hg = -0.65 ± 0.04‰, 
∆199Hg = 0.03 ± 0.03‰), is significantly different from background values. These contaminated 
sediment Hg isotope values are comparable to what has been observed in bulk Hg ores (δ202Hg = 
-0.56 ± 0.63‰, ∆199Hg = 0.01 ± 0.02‰),37,38 as well as sediments that have been heavily 
contaminated by industrial Hg inputs (δ202Hg = -0.42 ± 0.67‰, ∆199Hg = -0.06 ± 0.06‰).2,39 
The δ202Hg and ∆199Hg values of samples collected along the longitudinal transect of the 
South River are presented in Figure 1. The THg concentration profiles are in general agreement 
with previous studies, with concentrations elevated directly downstream of the historic plant site 
(Table S1).16,21 Within the initial reach downstream of RRKm 0.0 to RRKm 2.2, the sediment 
and bank soil have very similar δ202Hg and ∆199Hg values at each sampling site, suggesting that 
the Hg came from the same industrial source and has not been subjected to processes that cause 
significant isotope fractionation.  
Downstream of RRKm 2.2, both streambed sediments and bank soils display variation in 
δ202Hg values, while maintaining largely invariant ∆199Hg values (Figure 1). Impacted bank soils 
have a range of δ202Hg values from -0.18 to -1.05‰, while impacted stream sediments have a 
range of δ202Hg values from -0.42 to -0.69‰. The much smaller range of δ202Hg values in 
streambed sediments likely represents the homogenization of Hg inputs from bank soils with 
variable isotopic compositions, given that bank erosion is the major process thought to be 
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introducing Hg to the South River channel.16 The bank soils at two sampling sites, RRKm 13.9 
and RRKm 35.4, had the most variable isotopic compositions. At RRKm 13.9, the bank soil has 
the highest δ202Hg value of any sample in this study (δ202Hg of -0.18 ± 0.04‰, ∆199Hg of 0.01± 
0.03‰). In contrast, the bank soil at RRKm 35.4  has the lowest contamination-impacted solid-
phase  δ202Hg value (δ202Hg of -1.05 ± 0.04‰, ∆199Hg of 0.10± 0.03‰). This is a significant 
amount of variation in δ202Hg values for bank soils that are still impacted by contamination (THg 
conc. of 18.2 and 1.11 µg/g, respectively). 
We consider two potential explanations for the significant variation in δ202Hg values of 
impacted bank soils. The first is that Hg in the banks and streambed channel at these particular 
sampling sites have undergone significant amounts of post depositional fractionation and loss of 
Hg, and the second is that these sites experienced deposition of industrially sourced Hg with a 
significantly different isotopic composition. Although we are unable to rule out either of these 
explanations with the current data, the elevated THg concentrations and significantly different 
isotopic composition in reaches known to have contained historic mill dams associated with 
sediment deposits is suggestive of deposition of industrial sources with periodically varying Hg 
isotopic composition. For post-depositional, within-bank processes (e.g. microbial activity, 
hydrologic loss of Hg associated with porewater transport, etc.) to impart the variation in isotopic 
composition observed in these bulk bank soils, there would have to be large-scale reduction and 
loss of Hg(0) from the sediments. Based on fractionation factors for microbial reduction of 
Hg(II) to Hg(0),40 a loss of ~30% of the total Hg pool present in the soils is needed to explain the 
maximum positive isotopic shift observed in the bank soils relative to the assumed industrial 
source. However, variations in the isotopic composition of the bulk bank soils are not 
consistently positive or negative relative to the assumed industrial source, which suggests that a 
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single fractionation process (e.g., microbial reduction) cannot explain the observed pattern. 
Given the similarity of the sampling sites, we conclude that it is unlikely that large differences in 
the relative magnitude of fractionation processes occurs spatially along the study reach and 
suggest instead that there was variability in the isotopic composition of Hg released from the 
industrial facility during its operation. 
2.3.2 Mercury Concentration and Isotopic Variation in Suspended Particulates and 
Filtered Surface Water 
 In the following sections, the THg concentration and isotopic compositions of suspended 
particulates and filtered surface water are presented. Observation of a novel isotopic partitioning 
between Hg in the dissolved phase in filtered surface water and particulate-bound Hg in the 
suspended particulates is discussed, and a fractionation mechanism is proposed to explain the 
isotopic partitioning. 
2.3.2.1 Patterns of Isotopic Variation and Mercury Concentration in Suspended 
Particulates and Filtered Surface Water in the Study Reach 
THg concentrations for the dissolved and suspended particulate loads collected as part of 
this study are similar to values for previously published longitudinal profiles.16,21 Reference sites 
(RRKm -4.0 and Middle River) have low THg concentrations in the dissolved and suspended 
particulate loads. THg concentrations are significantly elevated in the contamination-impacted 
portions of the study reach, and decline further downstream while remaining elevated 
significantly above background levels (Table S1). 
Calculation of the distribution coefficient (Kd) between dissolved and suspended Hg is a 
useful method for describing the partitioning of Hg in fluvial systems. Following the method 
described by Hurley et al. (1998)26 we calculated the distribution coefficient between the 
 22 
suspended particulate and dissolved Hg phases in the South River, which are presented as 
log(Kd) values in Table S1. In general, the relatively high log(Kd) values (6.04 to 6.47) 
calculated for the South River indicate that Hg is overwhelmingly associated with the suspended 
particulate phase.26,41,42 The log(Kd) values observed in the South River are on the high end of 
the range of values (2.8 – 6.6) observed in a study of a freshwater rivers in the United States.42 
The log(Kd) data suggests a slightly greater relative predominance of particle bound Hg in the 
reach between RRKm 2.2 – 13.9, followed by a decreased predominance of particle bound Hg in 
the downstream reach, RRKm 13.9-35.4. Although slight changes in the log(Kd) data are 
observed longitudinally in the study region, there is no associated change in the isotopic 
composition of Hg in the dissolved and suspended fractions or in the negative δ202Hg offset 
between the fractions. The much lower log(Kd) values observed at the sample sites on the Middle 
River (log(Kd) = 5.58) and the South Fork Shenandoah River (log(Kd) = 5.65) indicate a lower 
predominance of particle bound Hg at these sites, which may be related to the much lower THg 
concentration in sediments at these sites as well as differing Hg speciation and particle 
composition in point-source contaminated watersheds versus watersheds where Hg is largely of 
atmospheric origin. 
Due to very low THg concentrations, we were unable to obtain Hg isotope values for 
either suspended particulates or filtered surface water at the RRKm -4.0 reference site. The 
isotopic composition of Hg in the dissolved loads at both the RRKm 0.0 sampling site (δ202Hg = 
-1.45 ± 0.13‰, ∆199Hg = 0.06 ± 0.11‰) and RRKm 0.4 sampling site (δ202Hg = -1.45 ± 0.13‰, 
∆199Hg = -0.04 ± 0.11‰) vary significantly from that observed at sampling sites in the rest of 
the impacted reach covered in this study (δ202Hg range -0.95 to -0.79‰, ∆199Hg range 0.02 to 
0.32‰) (Figure 1). A similar pattern is observed for the suspended load. For the suspended load, 
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mixing to the industrial source Hg isotopic value occurs at RRKm 2.2, after which point the 
δ202Hg values of the suspended load remain relatively constant. Even after such mixing has 
occurred, the dissolved Hg load maintains significantly lower negative δ202Hg values relative to 
the suspended load (between -0.30‰ and -0.09‰) (Table S1).In the initial reach below the 
former DuPont facility (downstream of RRKm 0.0 extending to RRKm 0.4) the suspended load 
shows a slightly positive ∆199Hg value (~0.10‰), but downstream of this reach there is limited 
variation in isotopic composition between the suspended load and streambed sediments. Potential 
hypotheses explaining these longitudinal patterns in isotopic composition of the dissolved and 
suspended phases are discussed in the following sections. 
2.3.2.2 Partitioning Between Dissolved and Suspended Hg 
Hg in the dissolved load is isotopically distinct from Hg in the suspended load, with a 
consistent negative δ202Hg offset (between -0.30‰ and -0.09‰). Despite the fact that some of 
the filtered surface water samples have δ202Hg values that are within analytical uncertainty (2σ) 
of the associated suspended sediment samples, the consistent δ202Hg offset observed between 
filtered surface water and suspended sediment samples is statistically significant throughout the 
South River study reach [paired t-Test, n=9, T=5.94, p=0.01]. This consistent pattern of negative 
δ202Hg offset in Hg isotope ratios between suspended particles and dissolved phase Hg contrasts 
with the pattern observed in the Murray Brook mine watershed by Foucher et al. (2013).5 Those 
authors observed no significant relationship between the δ202Hg values of suspended particulates 
and filtered surface water, but did observe a significant positive δ202Hg offset between filtered 
surface water and streambed sediments. The authors attributed this apparent fractionation to 
removal of Hg species from the water column, possibly due to degradation of Hg-cyanide 
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complexes associated with mine waste leachates, a type of Hg complex we would not expect to 
be present in the South River.  
We hypothesize that the consistent negative δ202Hg offset pattern we observe in the South 
River is caused by sorption of a relatively small proportion of Hg to high affinity thiol-bearing 
ligand sites associated with colloidal dissolved organic matter (DOM). Furthermore, we suggest 
that sorption to these functional groups is inducing an isotopic equilibrium fractionation between 
the bulk Hg source to the South River and colloid bound Hg, which appears as a fractionation 
between dissolved and suspended Hg fractions. Hg in the smallest size fraction (referred to 
throughout as dissolved, but functionally the Hg that passed through a 0.45µm filter) is likely to 
be associated with colloidal DOM rather that in a truly dissolved form, as colloidal DOM can 
contain numerous types of ligands with high affinity for Hg.43  
2.3.2.3 Proposed Mechanism for Observed Fractionation between Suspended and Dissolved 
Hg 
Our explanation for the offset between dissolved and suspended δ202Hg values may at 
first seem counterintuitive because it does not agree with the expected sign of MDF for the 
“dissolved” phase observed in experimental studies documented in the literature,44,45 which 
suggest that the dissolved phase retains a positive MDF signature during sorption reactions. 
However, we suggest that a small fraction of the total Hg input into the system undergoes rapid 
sorption to a limited number of thiol-like moieties with a high affinity for Hg in colloidal DOM, 
which experience equilibrium fractionation that imparts a more negative δ202Hg value in 
accordance with sorption experiments. The high-affinity sites associated with the colloidal DOM 
may quickly become saturated after initial exposure to the bulk Hg source, and the remaining Hg 
may become associated with larger particulates. Via this mechanism, the larger particulate 
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fractions would retain a Hg isotopic composition similar to the bulk isotopic composition of the 
South River system, while the “dissolved” size fraction would obtain a Hg isotopic composition 
(more negative δ202Hg value) similar to what would be expected experimentally for the sorbed 
Hg fractions. 
Lending support to the hypothesis that colloidal DOM is driving the observed 
fractionation between “particulate” and “dissolved” phases is the observation that for the sample 
site (RRKm 5.6) at which surface water was filtered with both 0.45µm and 0.20µm pore sizes, 
we did not observe a significant difference in isotopic composition or Hg concentration between 
particulates in these two size fractions (Table S1). A number of studies have shown that Hg(II) 
binds preferentially to high-affinity reduced organic S sites in organic matter fractions, and that 
these strong adsorption sites can become saturated, allowing binding sites with lower affinity 
(containing O- and N- ligands) to dominate Hg(II) binding.46,47,48 It has also been suggested that 
Hg in heavily polluted areas is mainly adsorbed onto mineral fractions of bottom sediments, 
because organic matter sorption sites are rapidly saturated by Hg.49 Once the high affinity thiol-
like sites have all bound Hg, sorption and complexation with lower-affinity DOM ligands and 
mineral particulates becomes more favorable.  
The majority of the Hg in the South River downstream of the industrial site is bound to 
suspended particulates (62-91%), rather than present in the <0.45µm size fraction. Bonds 
between Hg and reduced organic S likely exist in the >0.45µm size fraction as well as the <0.45 
µm size fraction, but the isotopic composition of the >0.45µm size fraction is dominated by the 
large pool of Hg associated with particulates in the South River system. The similar isotopic 
compositions of suspended particulates and streambed sediment at most sampling locations, as 
well as the relatively high log(Kd) values observed throughout the study reach, support the 
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hypothesis that the isotopic composition of the suspended particulates is close to the bulk 
isotopic composition of the contaminated Hg source to the South River.  
Previous experimental studies have suggested that binding of Hg with the DOM complex 
is initially dominated by a kinetic process and that equilibrium conditions are not reached for 
significant timescales on the order of hours.50 Although we have hypothesized a fractionation 
mechanism that occurs under equilibrium conditions in accordance with available experimental 
data, a prevalence of kinetic processes may explain why the observed isotopic fractionation 
between dissolved and suspended particles (δ202Hg≈0.20‰) is not as large as that observed 
during equilibrium sorption experiments (δ202Hg≈0.40‰). Additionally, the processes of re-
suspension of particulates from the streambed into the water column and aggregation of colloids 
to larger particulates may diminish the total observed fractionation by the mixing of fractionated 
Hg bound to colloids with Hg that retains the bulk isotopic composition of the contaminated 
source.  
Since the offset between dissolved and suspended δ202Hg values is observed throughout 
the study reach, it would be necessary for Hg to be released into the river channel and exposed to 
colloidal DOM at numerous points through the study reach to maintain this consistent offset. 
This scenario is supported by previous work, which suggest that the second largest source of Hg 
to the South River channel is the diffusive flux of Hg from Hg-laden sediments stored within 
gravel beds.16 This flux of Hg from sediments within gravel beds, along with the significant 
amounts of Hg released due to bank erosion, would provide significant amounts of Hg that could 
undergo our proposed fractionation mechanism once entrained in the surface water of the 
channel. Given the significant amount of Hg stored within the sediment gravel beds in the South 
River, common sources of Hg to the dissolved loads of other fluvial systems, such as 
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precipitation-derived Hg, are thought to be relatively minor contributors to the total Hg load.51 
Neither the dissolved nor suspended particulate Hg collected from the South River exhibit 
significant even MIF (∆204Hg and ∆200Hg) anomalies or patterns that would be indicative of Hg 
derived from precipitation or other atmospheric sources (Table S1). Alternative explanations for 
the isotopic pattern observed between suspended particulate Hg and dissolved Hg in the South 
River is are discussed in detail in Section 2.4.3. 
2.3.3 Connections to the Floodplain 
The isotopic composition of the porewater sampled from the piezometers at site RRKm 
5.6 and the Wertman Pond samples are shown in Figure S2. The Wertman Pond (floodplain 
pond) bank soil (δ202Hg = -0.68 ± 0.04‰ and ∆199Hg = 0.04 ± 0.03‰), and sediment (δ202Hg = -
0.58 ± 0.04‰ and ∆199Hg = 0.04 ± 0.03‰) samples are isotopically very similar to mercury in 
suspended particulates in the water column directly upstream at RRKm 12.2 (δ202Hg = -0.60 ± 
0.04‰ and ∆199Hg = 0.03 ± 0.03‰), consistent with the hypothesis that movement of sediment 
loads during flood events is a source of mercury to floodplains along the South River.16 The 
filtered surface water within the pond (δ202Hg = -0.12 ± 0.13‰ and ∆199Hg = 0.57 ± 0.11‰) has 
a distinctly more elevated ∆199Hg value compared to the sediment within the pond, and ∆204Hg 
and ∆200Hg values (-0.01 ± 0.17‰ and 0.10 ± 0.10‰, respectively) that are not significantly 
different from 0.00‰. The lack of an even MIF anomaly in the filtered surface water suggests 
that the Hg in the dissolved phase is unlikely to have been derived from atmospheric sources, 
instead suggesting that significant photochemical reduction of Hg has occurred within this 
environment. Using the fractionation factors for photochemical reduction of Hg(II), the δ202Hg 
value prior to photochemical reduction of the Hg in the dissolved phase can be calculated, giving 
a value of δ202Hg = -0.56‰ for the dissolved phase without the influence of photoreduction.32 
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The similarity of this to the δ202Hg value of the sediment in the pond (δ202Hg = -0.58‰) suggests 
that the Hg in the dissolved phase was likely sourced from the pond sediments. 
At RRKm 5.6, we observe that the dissolved Hg load in bank porewater is isotopically 
distinct in δ202Hg values (P1-B δ202Hg = -0.61 ± 0.13‰ and P3-B δ202Hg = -0.40 ± 0.13‰) from 
the suspended load (P1-B δ202Hg = -0.83 ± 0.04‰ and P3-B δ202Hg = -0.66 ± 0.04‰) for both of 
the sampled wells (Table S1).  Porewater from the P-3B well has a ∆199Hg value that is distinct 
from that of the surrounding bank soil. We suggest that this is the result of two fractionation 
processes occurring simultaneously. The first process is the sorption of Hg in the dissolved phase 
to particulates, including Fe-oxides and thiol functional groups.44,45 , which is in agreement with 
the positive δ202Hg shift between suspended and dissolved bank porewater Hg. This 
interpretation is supported by the high distribution coefficients in these piezometer waters. The 
second process that we suggest is occurring within the river banks is that Hg, which has been 
photochemically reduced in surface water within the stream channel, is flowing through the 
hyporheic zone and mixing with Hg in porewater within the banks. This flow path is in 
agreement with the general discharge flow patterns observed for this section of the river bank, as 
flow can be parallel to channel flow for this particular bank section.52 The Hg that has undergone 
partial photochemical reduction and evasion in the surface water in the river channel will have 
positive ∆199Hg values such as those seen at the most immediate upstream site of the piezometers 
(RRKm 2.2, ∆199Hg = 0.32 ± 0.11‰),53 and mixing would result in elevated ∆199Hg values of the 
Hg within the porewater relative to the Hg in the associated bank soils. To date, the reactions that 
have been demonstrated to cause significant amounts of positive MIF under dark conditions such 
as those within the stream banks (e.g. equilibrium evaporation and dark abiotic reduction) 
produce Hg(0) vapor with a more negative δ202Hg value than the starting reactant pool of Hg 
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stored within the banks.54,55 If these reactions were occurring at a significant level within the 
banks then we would expect the produced Hg(0) to either evade, or be re-oxidized and 
reincorporated into the dissolved/suspended phases. However, the δ202Hg values of the porewater 
and suspended particulates in both sampled wells are more positive than the associated bank soil, 
allowing us to rule out contributions to a MIF signature from dark reactions. Since these 
processes can be ruled out, the observation of positive MIF signatures within the bank porewater 
suggests that Hg derived from surface water, that has been photochemically processed is 
infiltrating the hyporheic zone and isotopic mixing is occurring with bank porewater Hg at this 
sampling site.  
The observation of positive MIF in the piezometer waters suggests that surface water 
containing photochemically reduced Hg is exchanging and mixing with the bank porewater Hg at 
this location. This result implies that with further sampling and analysis, the influence of bank 
porewater on dissolved Hg in river water may be traceable and it may be possible to detect Hg 
originating from surface water. Yin et al. (2013)38 conducted experiments to determine the water 
soluble fraction of Hg stored within soils contaminated due to Hg mine waste, and observed a 
positive isotopic fractionation in the water soluble Hg fraction of δ202Hg ≈ 0.7‰ compared to the 
isotopic composition of the Hg entrained within the soils. This observation does not match well 
with our observation of more positive δ202Hg values in the bank porewater as compared to the 
bulk bank soil. This difference may reflect contrasts in the Hg speciation within the soil matrix 
between the two study sites, as Hg is predominantly found in the bank soils of the South River as 
metacinnabar,16 and Hg found in the mine waste contaminated soils by Yin et al. (2013)38 was 
mainly in the form of mine waste calcine, which contains within it a mixture of cinnabar, 
metacinnabar and mercuric chloride. 
 30 
2.3.4 Identification of Unknown Hg Source Via Hg Endmember Mixing Model 
 In order to better understand the contributions that present-day release of legacy Hg from 
the former DuPont site is having on the isotopic composition of Hg in the South River channel 
system, water samples were collected from a plant outfall (Outfall 001) that drains the onsite 
wastewater treatment facility (see Section 2.4.2.2 for sampling details). It was suspected that Hg 
found in the outflow of this plant outfall might be representative of the small amounts of legacy 
Hg that have been documented to be flushed from the stormwater system at the plant,13,16 and 
that the released legacy Hg may have had a distinct isotopic composition that could potentially 
explain some of the variation observed in the surface water and suspended particulate isotopic 
composition profiles in the channel near the plant site. However, the Hg isotopic composition of 
both the filtered surface water (δ202Hg =-0.73 ‰ and ∆199Hg = 0.12‰) and suspended 
particulates (δ202Hg =-0.34 ‰ and ∆199Hg = 0.15‰) of Outfall 001 are similar to what is 
observed in contamination impacted bank soils and streambed sediments downstream of the 
former plant site, not what is observed in the channel where Outfall 001 discharges into the river. 
Additionally, the contribution of Outfall 001 to the total Hg concentration observed in the 
channel is relatively small. Outfall 001 contributes ~10% of the total Hg flux in the channel of 
South River at RRKm 00.0 as calculated from discharge at the Waynesboro USGS gauge due to 
relatively low discharge and moderate THg concentrations. Thus, the Hg input from Outfall 001 
is not able to explain the low δ202Hg values observed in the filtered surface water and suspended 
particulates at RRKm 0.0 and RRKm 0.4 (Figure 1). 
In order to better understand the changing Hg isotopic values between RRKm 0.0 and RRKm 
2.2, we first considered the simple situation of a 2 end-member model of Hg in suspended 
particulates involving a regional background isotopic composition and an end-member reflecting 
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the Hg isotope composition of contaminated Hg. Although we chose to focus on Hg in 
suspended particulates because we had been able to measure a reference site value (Middle 
River), the following arguments also hold true for Hg in the dissolved load. A number of 
previous studies have shown the utility of Hg isotope analysis as a tool for determining Hg 
sources and mixing in contaminated aquatic environments.2,8,56 The Middle River reference site 
was used to represent the regional background Hg isotopic end-member (δ202Hg =-1.22‰ and 
THg = 2.03 ng/L), and we used the average of contamination impacted sediment δ202Hg values to 
represent the industrially contaminated isotopic end-member (δ202Hg =-0.59±0.11‰ [±1SD] and 
THg = 7465 µg/L). This two end-member mixing model fails to account for the observed 
variation in δ202Hg values for suspended particulates, particularly for the RRKm 0.0 site, which 
has a deviation of nearly -0.60‰ from the expected value based on a 2 end-member mixing line. 
Although some deviation from a mixing line would be expected due to possible in situ 
fractionation processes occurring at each sampling site, for this degree of isotopic shift to occur 
due to localized fractionation processes at sampling sites RRKm 0.0 and RRKm 0.4, large 
amounts of Hg (> 65%) would have to be lost from the system and this interpretation is not 
supported by the THg data from these sites (Table S1). We therefore suggest that a 3 end-
member mixing model is necessary to explain the observed variation in isotopic composition and 
THg concentration observed in this reach of the South River, with the third end-member being of 
an unknown origin with a high THg concentration (~10 ng/L) and relatively negative δ202Hg 
value (~ -1.10‰) (Figure 2). It is important to note that the identification of this end-member is 
not necessarily indicative of greater Hg inputs to the South River channel, as the two sites with 
high THg concentrations and relatively negative δ202Hg compositions (RRKm 0.0 & 0.4) do not 
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have THg concentrations above what has previously been attributed to contamination related to 
processes at the DuPont plant.16,21 
 The unknown end-member may be representative of legacy Hg with a different isotopic 
composition (δ202Hg ~ -1.10‰) than the majority of the legacy Hg in the South River system 
((δ202Hg ~ -0.65‰), which is currently being released from the area of the plant site. The 
different isotopic composition of the Hg that makes up this unknown end-member could be 
related to use of varying Hg ore or liquid Hg0 sources during the period of industrial Hg use at 
the DuPont plant, as different Hg ores and liquid Hg0 sources have been shown to have varying 
isotopic compositions (δ202Hg range of -3.88 to 2.10‰ for Hg ores and -1.05 to 0.05‰ for liquid 
Hg0).37,38,39,57,58 Alternatively, current release of Hg to the channel in this reach may be 
associated with a Hg reservoir with a different isotopic composition resulting from a different 
part of the acetic anhydride production process or it could be due to fractionation caused by the 
onsite Hg retort process. A previous study has demonstrated that the same industrial process 
(chlor-alkali process) can produce contamination with a range of Hg isotopic values that vary in 
δ202Hg by up to 0.80‰ at a given site, and up to 2.60‰ between sites using the same source of 
Hg ore.56 Even if the Hg ore or liquid Hg0 source did not change during the period of Hg use at 
the former DuPont facility, changes in the catalytic process or of the retorting to recover Hg 
could likely produce Hg waste with an isotopic composition that varied by the amount observed 
between end-members (δ202Hg = 0.45‰). Previous work on fractionation associated with Hg ore 
retorting demonstrated that Hg0liq and co-produced Hg0gas can differ in δ202Hg values by 1.31‰ 
on average, a range more than double that observed between South River end-members.59 
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Figure 2.1 Longitudinal profiles along the South River of Hg isotopic composition. 
Longitudinal profiles along the South River of Hg isotopic composition. Sampling locations are presented in relative 
river kilometers [see Section 2.2.2]. The analytical uncertainty of Hg isotopic measurements (2σ) is presented based 
on the sample preparation method used, with bank soils, sediments, and suspended particulates represented as 
combusted samples, and dissolved phase Hg associated with the uncertainty of filtered water samples.  
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Figure 2.2 Three end-member isotopic mixing model for suspended particulates in the South River 
Three end-member isotopic mixing model for suspended particulates in the South River, presented as 1/THg conc. 
(L/ng of Hg) vs. δ202Hg values. Analytical uncertainty of Hg isotopic measurements (2σ) is displayed for suspended 
particulates. The mean (±1σ) of δ202Hg values for streambed sediments is shown as a black square for reference. 
Grey areas represent suggested end-member ranges, and black lines (solid and dashed) are lines of isotopic mixing.  
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2.4 Supporting Information 
2.4.1.  Unabridged Materials and Methods 
2.4.1.1 Regional Setting 
The South River is a fourth order, single-thread, gravel-bed river located in the Valley 
and Ridge Province of Virginia, USA (Figure S1).1,2 This study focuses on a 48 km reach of the 
river, from 4 km upstream of the former DuPont plant in Waynesboro, VA to the confluence of 
the South River with North River where they become the South Fork of the Shenandoah River in 
Port Republic, VA. The South River has a drainage basin of approximately 606 km2 at the 
confluence with the North River. The riverbed is primarily composed of cobble and boulder 
substrates with fine-grained sediments making up less than 15% of the bed sediment.2,3 The 
South River flows through a sequence of unconsolidated Quaternary deposits that overlie the 
bedrock in this region.3 Thirteen mill dams existed between Waynesboro and Port Republic 
before 1957, but all were breached by 1974. Previous studies have indicated that areas on the 
upstream side of these mill dams may have been areas of deposition for Hg-laden sediments and 
today are areas with elevated rates of bank erosion.1 Overall, sample sites were chosen to provide 
a broad understanding of the sources of Hg to the various physical reservoirs in which Hg is 
stored in the South River, and of the transport of Hg between these reservoirs and the channel 
environment. Streambed sediments and bank soils were collected to characterize the Hg isotopic 
composition at a reach scale between these significant Hg storage reservoirs. Groundwater 
influxes, release from floodplains, and modern releases from the former DuPont facility could all 
potentially be additional Hg inputs to the channel, so representative sampling locations for each 
potential Hg source were chosen. Finally, surface water samples were collected to evaluate the 
Hg dynamics within the channel. A site on the Middle River about 12 km west of the South 
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River (Figure S1) was chosen as an appropriate reference site due to its lack of known Hg point-
source contamination, location in the adjacent valley, and its similar river characteristics.  
2.4.1.2 Sample Collection and Processing 
Streambed sediment and bank soil samples were collected from eight locations along the 
South River channel, and from one floodplain pond (Figure S1) in April 2014. Following the 
convention of previous work on the South River system,2 sampling locations are labeled 
according to their distance, in relative river kilometers (RRKm) along the channel from a known 
historic point source of Hg at the former DuPont plant (e.g., RRKm 0.0). Bulk bank soil samples 
were collected as composite grab samples from exposed banks. Streambed sediments were 
collected using a hand-operated PVC bilge pump to effectively sample interstitial fine-grained 
sediment from between cobbles on the coarse streambed.2 Sediments and bank soils were 
collected into acid washed containers in the field. Sample containers were placed on ice in the 
field, frozen within 8 hours of collection, shipped on ice back to the University of Michigan, 
where they were stored at -18 ºC. Sediment and bank soil samples were subsampled, freeze-
dried, and dry sieved through acid-cleaned nylon mesh to remove detritus > 2mm. The < 2mm 
size fraction was then homogenized in an alumina ball mill that was cleaned between samples. 
To evaluate the contributions to the channel from groundwater influxes, bank porewater 
samples were collected from two permanent piezometer wells installed at the RRKm 5.6 
sampling site. These piezometers were located 2.4m (P1-B) and 6.9m (P3-B) from the edge of 
the river channel. Both wells were set into river gravel deposits, at depths of 1.8m (P1-B) and 
2.1m (P3-B). Groundwater discharge rates for this section of bank were found to vary between 8 
to 50 L/day/m of bank length, with discharge flow direction typically oriented towards the 
southeast, parallel to the flow of the river channel.4 Samples were also collected at Wertman 
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pond, a small pond (surface area of 450 m2) located in the 2-year floodplain, 195m from the 
main channel of the South River at approximately RRKm 14.5 to better characterize the 
dynamics of Hg storage within the floodplain environments. To assess the impact of current 
minor releases of Hg from the former DuPont facility, water was collected from Outfall 001, an 
outfall pipe with an average output of 0.14 m3/s that delivers water from an onsite wastewater 
treatment plant and stormwater system to the South River channel at ~RRKm -0.8. Outfall water 
was collected via an exposed access point with a portable peristaltic pump configured with pre-
cleaned Teflon tubing, and filtered using the same method described below for in-channel stream 
waters. 
Filtered stream water and suspended sediment samples were collected under baseflow 
conditions during June 2014. Samples were collected at each of the locations where sediment 
and bank soil had been collected, as well as at reference sites on the Middle River (MR-01) and 
the South Fork Shenandoah (SFR-01) (Figure S1) and the two permanent stream bank 
piezometers at RRKm 5.6. Water samples were collected, filtered, and preserved in the field, 
using trace-metal clean sampling methods following a modified EPA Method 1669.5 Water 
samples were collected from the middle of the channel using an acid-cleaned HDPE bottle, in 
which samples remained for no more than 15 minutes, then filtered into acid-cleaned 1 L 
borosilicate glass media bottles containing 5mL of concentrated HCl (trace metal grade). Water 
samples were filtered using a hand operated vacuum-pump and disposable, pre-cleaned 0.45µm 
pore-size cellulose nitrate vacuum filter housings (Thermo Scientific). At one site, RRKm 5.6, 
surface water was filtered through vacuum filter housings with 0.20µm pore-size cellulose nitrate 
filters in addition to the 0.45µm pore-size filters. Filters were removed from the vacuum housing 
with acid cleaned forceps, placed in individual acid-cleaned petri dishes, and sealed with Teflon 
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tape. Filters were frozen and water samples were placed in refrigerated storage at the end of each 
sampling day and transported in coolers back to the University of Michigan. Filters were freeze-
dried and stored in desiccating chambers. Water samples were oxidized with 1% BrCl (w/v), 
which was allowed to react with the water sample in dark, refrigerated storage for a minimum of 
one month.22 Procedural field blanks were collected periodically during the sampling campaign 
using 1L of de-ionized water. Filters and de-ionized water were processed in parallel with the 
samples, then checked for THg concentration to assess potential contamination. Filtered water 
field blanks were subsampled and THg concentrations were analyzed by cold-vapor atomic 
fluorescence spectroscopy [CV-AFS] (following a modified EPA Method 1631)19. All filtered 
water field blanks (n=5) had THg concentrations that were below method detection limits of 0.2 
ng/L. At each site, 1L of water was collected into a HDPE bottle and used to determine the total 
suspended solids (TSS) of surface water.6 TSS values were used in the calculation of distribution 
coefficients (log(Kd)) using THg values of the associated filtered surface water and suspended 
material following the method of Hurley et al. (1998).7 For bank porewater samples collected 
from capped piezometer wells, 1L of porewater was removed from each piezometer with a 
portable peristaltic pump and acid-cleaned tubing and discarded. Subsequently, an additional 1L 
of porewater was collected and filtered according to the procedure outlined above for surface 
water. 
2.4.1.3 Sample Preparation for Isotope Analysis and THg Concentrations 
Hg in streambed sediments, bank soils, and suspended materials (filters) was separated 
for THg concentration and Hg stable isotope measurement by offline combustion, as described in 
detail elsewhere.8,9 Briefly, 0.01 to 1.00 g of sample was packed into a ceramic boat and placed 
into the first stage of a two-furnace combustion system. Freeze dried filters were cut with a clean 
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stainless steel razor blade and packed into ceramic boats in a similar manner to ground samples. 
The first-stage furnace was slowly ramped to 750 ºC over a six hour period while the second-
stage furnace was held at 1000 ºC. Hg released from the sample matrix was carried through the 
combustion tube in a flow of Hg-free O2 and into a 1% KMnO4 in 10% H2SO4 (w/w) [1% 
KMnO4 ] trapping solution.  
Filtered surface water was purged and trapped into 1% KMnO4 solution for isotope 
analysis, following the procedure outlined in Demers et al. (2013)9 with slight modifications. 
Approximately 1L of previously acidified and oxidized surface water was weighed into a clean 
2L borosilicate glass media bottle. Samples were treated with 10 ml of concentrated 
hydroxylamine hydrochloride to destroy free halogens, capped tightly, and allowed to react for a 
minimum of 30 minutes. Through one port of a three-port Teflon transfer cap, 100mL of 10% 
SnCl2 was delivered to the reaction bottle via a peristaltic pump, at a rate of ~3.3 ml/min. 
Another port delivered Hg-free air (Au-filtered) to sparge the ~1L sample volume into the 
reactor headspace, while the final port removed gas from the reactor headspace into a 
borosilicate glass trap containing between 5.5 and 7.0 g of 1% KMnO4 trapping solution. 
Samples were purged for 3 hours while being vigorously stirred with a clean Teflon stir bar. 
Prior to purging and trapping, THg concentrations of each sample bottle were determined by 
running small aliquots via CV-AFS (Nippon Instruments RA-3000FG+). For each sampling site, 
the THg concentration for the filtered surface water sample is reported as the average of 
measured THg concentrations (ng/L) in each bottle collected at that site. To determine Hg 
recovery, the THg concentration of small aliquots of each 1%KMnO4 trapping solution were 
determined prior to transfer into a secondary trapping solution. Purge and trap recoveries of 
filtered surface water samples ranged between 90.3% and 109.4%, with an average of 98.7±5.4% 
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(1SD, n=19). 
Trapping solutions of both combustion and purge and trap samples were partially reduced 
with 2% (w/w) of a 30% solution of NH2OH·HCl, then a small aliquot was taken and measured 
for THg by CV-AAS (Nippon Instruments MA-2000). Combustion trap contents were then 
purged into a secondary 1% KMnO4 trapping solution to remove potential matrix components 
from combustion residues and to adjust Hg concentrations prior to isotopic analysis.10,11 Hg 
recovery during this transfer into secondary 1% KMnO4 trapping solution was evaluated by 
taking small aliquots of the secondary trapping solution and analyzing the THg concentration by 
CV-AAS. Hg recoveries for this process ranged from 83.2% to 106.3% with an average of 
97.8±4.2 (1SD, n=43).  
Procedural blanks were processed in parallel with samples for THg concentration and Hg 
isotopic composition. The trap contents of combusted field filter blanks contained 153±30 pg of 
Hg (n=5, ± 1SD), which is not significantly different from procedural combustion blanks 
(159±87 pg of Hg, n=6, ± 1SD). Offline combustion procedural blanks (including field blank 
filters) yielded between 81.4 and 264 pg of Hg (n=11, mean±1SD = 156±64pg), representing at 
most no more than 7.8% of Hg in sample combustion trap solutions. Purge and trap procedural 
blanks yielded between 46.3 and 252 pg of Hg (n=10, mean±1SD = 102±79pg), representing at 
most no more than 5.9% of Hg in sample trap solutions. 
2.4.1.4 Hg Isotope Analysis 
The Hg isotopic composition of the secondary trapping solution was measured by cold 
vapor multi-collector inductively coupled plasma mass spectrometry (CV-MC-ICP-MS, Nu 
Instruments). Trapping solutions were partially reduced with a 30% solution of NH2OH·HCl at 
2% of the total sample by weight and diluted with a similarly reduced 1%KMnO4 solution to 
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between 0.95 and 5.7 ng/g. Hg was reduced online to Hg(0) by the addition of 2% (w/w) SnCl2 
and separated from solution using a frosted tip gas-liquid separator designed and built at the 
University of Michigan.12 Hg(0) was then carried into the MC-ICP-MS inlet by an Ar gas 
stream. An internal Tl standard (NIST 997) was introduced as a dry aerosol into the Ar gas 
stream and used to correct for instrumental mass bias. Strict sample-standard bracketing with a 
solution of NIST 3133 that was matched for both concentration and solution matrix was further 
used for mass bias correction.13  
Mercury stable isotope compositions are reported throughout this paper in permil (‰) 
using delta notation (δxxxHg) relative to NIST Standard Reference Material (SRM) 3133 (Eq. 1), 
with mass dependent fractionation (MDF) based on the 202Hg/198Hg ratio (δ202Hg).13 Mass 
independent fractionation (MIF) is reported as the deviation from the theoretically predicted 
δxxxHg values based on the kinetic mass fractionation law and is reported with capital delta 
notation (∆xxxHg) according to Eq. 2.  In this study MIF is represented with ∆199Hg, ∆200Hg, 
∆201Hg, and ∆204Hg, using β = 0.252, β = 0.502, β = 0.752, and β = 1.493,respectively.13 
Equation 1: δxxxHg (‰) = ([(xxxHg/198Hg)Sample / (xxxHg/198Hg)NIST3133] – 1) × 1000 
Equation 2: ΔxxxHg (‰) = δxxxHg – (δ202Hg × β) 
Standard reference materials (NIST 3133 and NIST SRM 2711”Montana Soil”) were 
processed in parallel with samples for THg concentration and Hg isotopic composition. The THg 
of NIST 2711 measured by offline combustion agreed within 5% of certified values 
(6.24±0.14µg/g, n=7; Table 2), and recoveries during secondary trapping were 98.8±3.4% (1SD, 
n=7, min= 91.8%). The Hg isotopic composition of NIST 2711 was consistent with previously 
reported values (Table S2).14,15,16 External reproducibility of Hg isotope measurements was 
estimated from measurements of the standard error (2SE) of the mean isotopic composition of 
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NIST 2711 replicates and NIST 3133 procedural standard replicates. The analytical uncertainty 
associated with NIST 2711 was lower than the uncertainty associated with the UM-Almadén 
standard (Table S2) and we therefore represent the uncertainty of Hg isotope measurements of 
combustion samples (e.g. bank soils, streambed sediments, and suspended particulates) in this 
study as the 2SD of mean Hg isotope values of replicate UM-Almadén measurements in this 
study: ±0.04‰ for δ202Hg and ±0.03‰ for ∆199Hg and ∆201Hg. However, the analytical 
uncertainty associated with NIST 3133 procedural standards was greater than that associated 
with UM-Almadén (Table S2). We therefore represent the uncertainty of Hg isotope 
measurements of filtered surface water samples in this study as the 2SE of mean Hg isotope 
values of replicate NIST 3133 procedural standards: ±0.13‰ for δ202Hg,  ±0.11‰ for ∆199Hg, 
and ±0.02‰ for ∆201Hg. 
2.4.2. Discussion of ∆199Hg values of Hg in the dissolved load in South River surface water 
Hg in the dissolved fraction of surface water has ∆199Hg values within analytical 
uncertainty (∆199Hg ± 0.11‰)) of 0.0‰ for most of the study area, similar to the suspended 
load. However, the dissolved fraction shows significantly elevated ∆199Hg values in two 
locations, RRKm 2.2 and RRKm 76.4, suggesting photochemical reduction and loss of Hg is 
occurring in the reaches upstream of these sites (RRKm 0.4 – 2.2 and downstream of RRKm 
35.4). Assuming that the major fractionation process inducing MIF in the dissolved phase in 
these two reaches is photochemical reduction of inorganic Hg, the amount of Hg that has evaded 
from surface waters can be estimated following the method outlined in Bergquist and Blum 
(2007)17 based on their data from Hg photochemical reduction experiments. Calculations were 
made under the following assumptions: first, that contributions of MeHg photoreduction to the 
isotopic composition of the dissolved Hg were small; and second, that the starting ∆199Hg value 
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at each site was 0.0‰ for the dissolved Hg. These are reasonable assumptions given that 
previous work has shown that filter-passing MeHg concentrations typically represent less than 
10% of filtered THg in South River surface water,2 and this study has demonstrated that 
contamination impacted Hg in bank soils, sediments and suspended particulates have ∆199Hg 
values that are near 0.0‰ and largely invariant. Hg loss was calculated using an experimentally 
determined slope value for a linearized Rayleigh distillation model: 
ln(f) = [103 × ln(10-3 × ∆199HgSample + 1)] / S 
where S = -1.0054, slope for Hg2+ photoreduction based on experimental data and f = 
fraction of Hg remaining in the dissolved phase.17 
This calculation indicates that ~27% of the Hg that was originally in the dissolved load at 
RRKm 2.2 and RRKm 76.4 has been photochemically reduced and evaded from the surface 
waters. Increased amounts of photochemistry may be occurring within these reaches due to 
relatively less extensive tree canopy cover and a relatively wider and shallower river channel. 
Inputs of additional Hg from the bank soils and streambed sediments with ∆199Hg values near 
0.0‰ to the water column in the channel may explain the impermanence of the photochemical 
signal in the dissolved Hg load. We also considered the possibility of bank-erosion derived 
release of Hg that had been exposed to high levels of photochemical reduction during sediment 
storage behind historic mill dams, but neither of the reaches which exhibit elevated MIF 
signatures contained mill dams, and no elevated MIF signatures were observed within the reach 
that contained the majority of the historic mill dams (~RRKm 5 to RRKm 30).18 
 49 
2.4.3. Alternative Explanations for the Isotopic Pattern Observed in Suspended and 
Dissolved Hg 
The explanation presented in the main text (Sections 2.3.2.1-2.3.2.3) is not the only possible 
scenario for the observed Hg isotopic difference between the different particle size fractions in 
the South River. An alternate explanation is that rather than fractionation between the dissolved 
phase and other phases, the observed isotopic variation is instead the result of end-member 
mixing between isotopically distinct Hg associated with different size fractions. However, we 
currently have no evidence for two different Hg isotope sources that would partition to different 
size fractions of particulates. A third possibility is that metallic Hg (Hg0liq) stored in the banks is 
releasing Hg0diss into solution. Metallic Hg was found at the former plant site,20 and although the 
contaminated soil bearing liquid Hg was subsequently remediated, there remains the possibility 
that small amounts of liquid Hg were mobilized prior to remediation and are still present in the 
river system. Previous experimental work has shown that equilibrium evaporation of Hg0liq to 
Hg0vap can induce significant δ202Hgliquid-vapor fractionation of -1.0 to -1.3‰ for the vapor phase 
relative to the isotopic composition of the liquid Hg.21 Although the relevant experiments have 
not been performed, it is possible that release of Hg from the liquid phase into a dissolved phase 
could induce a similar fractionation. Thus the δ202Hg offset observed between the particulate and 
dissolved phases in the South River channel may represent the influence of Hg0diss originating 
from Hg0liq, but without additional evidence for the occurrence of liquid Hg, this explanation 
seems less likely than the explanation outlined in Section 2.3.2.2. 
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Table 2.1 Summary of THg concentration, log(Kd) values, and Hg stable isotope data of collected 
samples. 
River Location Sampling Effort Sample Type THg THg 
log(
Kd) 
δ204
Hg  
δ202
Hg  
δ201
Hg  
δ200
Hg  
δ199
Hg  
Δ204
Hg 
Δ201
Hg 
Δ200
Hg 
Δ199
Hg 
        ng/L 
µg/g 
(d.w.)   ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
South 
River 
Upstream 
Reference 
Site 
RRKm -
4.0 
Jun-14 Filtered Surface Water 0.21   
6.19 
NA NA NA NA NA NA NA NA NA 
Jun-14 Suspended Material 0.35   NA NA NA NA NA NA NA NA NA 
Apr-14 Streambed Sediment   0.08 -1.92 -1.27 -1.16 -0.62 -0.53 -0.02 -0.20 0.02 -0.21 
Apr-14 Bulk Bank Soil   0.04 -1.58 -1.01 -0.98 -0.53 -0.43 -0.07 -0.22 -0.02 -0.18 
Outfall 
001            
(~RRKm -
0.8) 
Jul-15 Filtered Surface Water 13.20   
NA 
-1.10 -0.73 -0.52 -0.30 -0.07 -0.01 0.03 0.06 0.12 
Jul-15 Suspended Material 23.80 
  
-0.49 -0.34 -0.15 -0.14 0.07 0.03 0.11 0.03 0.15 
RRKm 0.0 
Jun-14 Filtered Surface Water 4.64   
6.04 
-2.15 -1.45 -1.04 -0.82 -0.31 0.02 0.05 -0.09 0.06 
Jun-14 Suspended Material 10.31   -1.50 -1.06 -0.77 -0.54 -0.18 0.09 0.03 -0.01 0.09 
Apr-14 Streambed Sediment   2.81 -0.88 -0.60 -0.46 -0.30 -0.11 0.01 -0.01 0.00 0.04 
Apr-14 Bulk Bank Soil   53.27 -0.97 -0.65 -0.47 -0.35 -0.13 0.00 0.02 -0.02 0.03 
RRKm 0.4 
Jun-14 Filtered Surface Water 4.88   
6.11 
-2.24 -1.45 -1.05 -0.84 -0.40 -0.08 0.04 -0.11 -0.04 
Jun-14 Suspended Material 8.07   -1.26 -0.87 -0.59 -0.47 -0.10 0.04 0.06 -0.03 0.12 
Apr-14 Streambed Sediment   11.08 -0.94 -0.60 -0.43 -0.32 -0.11 -0.05 0.02 -0.02 0.04 
Apr-14 Bulk Bank Soil   65.42 -0.99 -0.65 -0.48 -0.33 -0.16 -0.02 0.01 0.00 0.01 
RRKm 2.2 
Jun-14 Filtered Surface Water 3.12   
6.35 
-1.62 -0.95 -0.58 -0.40 0.08 -0.20 0.13 0.07 0.32 
Jun-14 Suspended Material 11.60   -1.00 -0.65 -0.52 -0.30 -0.16 -0.03 -0.03 0.03 0.00 
Apr-14 Streambed Sediment   7.73 -1.04 -0.69 -0.54 -0.37 -0.18 -0.01 -0.02 -0.02 -0.01 
Apr-14 Bulk Bank Soil   11.57 -0.93 -0.64 -0.47 -0.31 -0.14 0.03 0.02 0.01 0.02 
RRKm 5.6 
Jun-14 Filtered Surface Water 7.04   
6.47 
-1.26 -0.86 -0.58 -0.44 -0.20 0.02 0.06 -0.01 0.02 
Jun-14 Suspended Material 75.09   -1.13 -0.70 -0.45 -0.34 -0.13 -0.09 0.07 0.01 0.04 
Jun-14 Suspended Material (0.20µm) 61.18   -1.00 -0.69 -0.48 -0.30 -0.15 0.03 0.03 0.04 0.02 
Apr-14 Streambed Sediment   45.56 -0.62 -0.42 -0.32 -0.22 -0.09 0.01 0.00 0.00 0.02 
Apr-14 Bulk Bank Soil   29.37 -1.05 -0.70 -0.51 -0.37 -0.17 -0.01 0.01 -0.02 0.00 
RRKm 
13.9 
Jun-14 Filtered Surface Water 9.69   
6.33 
-1.48 -0.92 -0.60 -0.46 -0.14 -0.11 0.09 0.00 0.09 
Jun-14 Suspended Material 92.99   -0.90 -0.60 -0.44 -0.28 -0.12 0.00 0.01 0.02 0.03 
Apr-14 Streambed Sediment   13.65 -0.93 -0.68 -0.49 -0.31 -0.19 0.08 0.02 0.03 -0.02 
Apr-14 Bulk Bank Soil   18.19 -0.24 -0.18 -0.16 -0.06 -0.04 0.03 -0.02 0.03 0.01 
RRKm 
18.6 
Jun-14 Filtered Surface Water 9.40   
6.14 
-1.22 -0.79 -0.55 -0.37 -0.12 -0.03 0.04 0.03 0.08 
Jun-14 Suspended Material 27.69   -0.89 -0.57 -0.41 -0.25 -0.11 -0.04 0.02 0.03 0.04 
Apr-14 Streambed Sediment   13.78 -0.70 -0.44 -0.32 -0.21 -0.06 -0.04 0.01 0.01 0.05 
Apr-14 Bulk Bank Soil   14.33 -1.01 -0.64 -0.44 -0.30 -0.09 -0.06 0.04 0.02 0.07 
RRKm 
35.4 
Jun-14 Filtered Surface Water 9.17   
6.19 
-1.17 -0.79 -0.55 -0.35 -0.02 0.01 0.05 0.05 0.18 
Jun-14 Suspended Material 59.90   -1.01 -0.70 -0.48 -0.37 -0.16 0.03 0.04 -0.02 0.01 
Apr-14 Streambed Sediment   5.13 -1.02 -0.68 -0.51 -0.37 -0.16 -0.01 0.00 -0.03 0.01 
Apr-14 Bulk Bank Soil   1.11 -1.60 -1.05 -0.85 -0.53 -0.16 -0.03 -0.05 0.00 0.10 
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Wertman 
Pond 
(~RRKm 
14.5) 
Jun-14 Filtered Surface Water 8.01   
6.11 
-0.20 -0.12 0.18 0.03 0.54 -0.01 0.27 0.10 0.57 
Jun-14 Suspended Material 103.42   -1.14 -0.77 -0.54 -0.40 -0.11 0.02 0.04 -0.01 0.09 
Apr-14 Sediment   10.74 -0.85 -0.58 -0.41 -0.28 -0.10 0.02 0.03 0.01 0.04 
Apr-14 Bulk Bank Soil   15.42 -1.01 -0.68 -0.49 -0.32 -0.13 0.00 0.02 0.02 0.04 
P-1-B 
RRKm 5.6 
Piezometer 
Jun-14 Filtered Porewater 31.85   
6.20 
-0.90 -0.61 -0.35 -0.29 -0.10 0.01 0.11 0.02 0.06 
Jun-14 Suspended Material 1149.37   -1.23 -0.83 -0.63 -0.43 -0.19 0.00 -0.01 -0.02 0.02 
P-3-B 
RRKm 5.6 
Piezometer 
Jun-14 Filtered Porewater 12.29   
6.73 
-0.82 -0.40 -0.19 -0.23 0.02 -0.23 0.11 -0.03 0.12 
Jun-14 Suspended Material 2565.50   -0.96 -0.66 -0.48 -0.34 -0.13 0.03 0.02 -0.01 0.04 
Middle 
River 
Reference 
Site 
Jun-14 Filtered Surface Water 0.42   
5.58 
NA NA NA NA NA NA NA NA NA 
Jun-14 Suspended Material 2.03   -1.86 -1.22 -0.99 -0.59 -0.32 -0.03 -0.07 0.02 -0.01 
South 
Fork 
Shenando
ah River 
Reference 
Site 
(~RRKm 
76.4) 
Apr-14 Filtered Surface Water 2.14   
5.65 
-1.42 -0.91 -0.54 -0.29 0.09 -0.05 0.15 0.17 0.32 
Apr-14 Suspended Material 6.61   -1.12 -0.74 -0.54 -0.34 -0.15 -0.02 0.02 0.03 0.04 
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Table 2.2 Summary of THg concentration and Hg stable isotope values of Standards and Reference 
Materials 
For SRMS's, N1 denotes the total number of process replicates and N2 denotes the total number of isotope 
measurements during all analytical sessions. Theta (σ) denotes the standard error of the mean values for 
process replicates. For UM-Almaden, N1 denotes the number of isotope measurements, N2 denotes the 
number of analytical sessions that UM Almaden was measured and theta represents the standard deviation 
of Hg isotope values for individual UM-Almaden measurements between July 2014 and October 2015 
during which the run solution concentrations were either between 3 and 5 ng/g, or less than 3 ng/g.  
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N
1 
N
2 
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g 
2
σ 
δ20
4H
g  
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g  
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δ20
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g  
2
σ 
δ20
0H
g  
2
σ 
δ19
9H
g  
2
σ 
Δ20
4H
g 
2
σ 
Δ20
1H
g 
2
σ 
Δ20
0H
g 
2
σ 
Δ19
9H
g 
2
σ 
      
µ
g/
g 
µ
g/
g 
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NIST 3133 
P&T Proc. 
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Figure 2.3 Location of sampling locations along the South River  
Sampling locations are labeled according to their distance downstream (relative river kilometer, RRKm) of 
the historic point source at the former DuPont plant site in Waynesboro. Map modified from Ref (3). 
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Figure 2.4 Plot of δ202Hg values vs. ∆199Hg values of South River samples 
The analytical uncertainty of Hg isotopic measurements (2σ) is presented based on the sample preparation 
method used, with bank soils, sediments, and suspended particulates represented as combusted samples, 
and dissolved phase Hg associated with the uncertainty of filtered water samples.  
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Figure 2.5 Plot of ∆201Hg values vs. ∆199Hg values of South River samples 1 
The black line represents a linear regression line of all collected samples. The analytical uncertainty of Hg 2 
isotopic measurements (2σ) is presented based on the sample preparation method used, with bank soils, 3 
sediments, and suspended particulates represented as combusted samples, and dissolved phase Hg 4 
associated with the uncertainty of filtered water samples. 5 
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Abstract: Historic point source mercury (Hg) inputs from industrial processes on the South 
River (Waynesboro, Virginia) ended many decades ago, but sediment and surface water Hg 
concentrations remain elevated relative to the regional background. To understand Hg sources, 
mobility, and fate in the South River, we analyzed THg concentrations and Hg stable isotope 
compositions of streambed sediments, bank soils, suspended particles, filtered surface waters, 
and channel margin hyporheic zone pore waters. Hg isotopes allow for the identification of three 
distinct Hg end-member inputs to the South River, two of which are contaminant sources. 
Hydrologic conditions are demonstrated to have an influence on within-channel Hg isotope 
fractionation and Hg partitioning, with no observed isotopic discrimination between suspended 
particulate Hg and filtered surface water Hg during elevated flow conditions. Channel margin 
hyporheic zone porewaters had significantly more positive δ202Hg values than surface waters 
(δ202Hg = -0.52 ± 0.44‰ and δ202Hg = -0.86 ± 0.17‰ respectively [mean ± 1SD]). A subset of 
porewaters exhibited mass independent fractionation signatures (∆199Hg = 0.33± 0.06‰; ∆200Hg 
= 0.19 ± 0.03‰ [mean ± 1SD]) that are suggestive of a precipitation-derived origin for the 
dissolved Hg pool. Sediments from a floodplain profile were analyzed to explore the temporal 
 59 
variation in Hg isotopic composition within the South River, indicating brief excursions (up to 
δ202Hg = +0.40‰) from the average composition observed in the modern (δ202Hg = -0.51 ± 
0.07‰). By improving understanding of the spatial, temporal, and hydrologic conditions that 
contribute to variations in Hg isotopic composition, this study provides insights into the 
processes that control Hg isotopic end-member sources, Hg-loading to the channel during 
elevated flows, and Hg fate in the South River. 
3.1 Introduction 
 As a toxic trace metal with an active biogeochemical cycle, mercury (Hg) has been the 
subject of extensive study (e.g., Selin, 2009). Anthropogenic activity has altered the cycling of 
Hg in the biosphere on a global scale (Driscoll et al., 2013), and locally at industrial sites where 
Hg discharges to surface waters often leads to biomagnification in aquatic food webs (Kocman et 
al., 2013). Discharges of anthropogenic Hg to freshwater ecosystems are understudied compared 
to other components of the global Hg cycle (Kocman et al., 2017). The South River, VA is the 
site of extensive anthropogenic Hg contamination originating from a former DuPont textile 
manufacturing plant in Waynesboro, VA. Mercuric sulfate was used as a catalyst at the plant 
between 1929 and 1950 in the production of acetate fibers (Carter, 1977). The production of 
acetic anhydride produced a sludge that contained mercury, and this waste sludge was 
transported to a building that housed a retort furnace that was used to recover elemental mercury 
(URS, 2015). During this period of mercuric sulfate catalyst use at the former DuPont facility, a 
significant amount of Hg was lost and entered the South River channel. Hg-contaminated 
sediments have been identified throughout the channel, river banks, and over-bank deposits of 
the South River and the South Fork Shenandoah River (Turner and Southworth, 1999). Prior 
work has demonstrated the ongoing impacts that this Hg contamination has had on the 
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downstream ecosystems, documenting elevated Hg levels within the biota of both the aquatic 
(Murphy et al., 2007; Neufeld 2009; Bergeron et al., 2010; Brent & Kain, 2011) and associated 
terrestrial environments (Cristol et al., 2008; Jackson et al., 2011).  
The current conceptual model for Hg cycling within the South River postulates that 
erosion of Hg-laden bank soils is the dominant input of Hg into the South River channel 
environment (Flanders et al., 2010; URS, 2012). Thus, understanding the processes that control 
Hg mobility within the South River is critical to understanding the Hg-related ecosystem risks. 
Adaptive management models have demonstrated that uncertainties in Hg loading to the South 
River contribute to the uncertainty in assessing the most effective remediation efforts (Foran et 
al., 2015). To this end, studies that add to the understanding of Hg loading dynamics within the 
South River are important for guiding informed remediation implementation. 
 Measurement of Hg stable isotope ratios in environmental samples is an excellent tool to 
probe biogeochemical cycling of Hg in fluvial systems (Blum et al., 2014; Yin et al., 2010). A 
number of recent studies have explicitly demonstrated the application of Hg isotopes in aquatic 
freshwater systems, including contaminated rivers (Sonke et al., 2010; Perrot et al., 2010; Liu et 
al., 2011; Foucher et al., 2013; Bartov et al., 2013; Yin et al., 2013; Donovan et al., 2014; Smith 
et al., 2015; Donovan et al., 2016a; Donovan et al., 2016b; Demers et al., 2018; Marshall et al., 
2018; Baptista-Salazar et al., 2018), relatively pristine rivers (Tsui et al., 2012; Tsui et al., 2013; 
Tsui et al., 2014; Jiskra et al., 2017; Woerndle et al., 2018), and lakes (Ma et al., 2013; Lepak et 
al., 2015; Gray et al., 2015; Wiederhold et al., 2016; Guedron et al., 2016; Chen et al., 2016, Xu 
et al., 2016; Yin et al., 2016a; Yin et al., 2016b). However, environmental systems are complex, 
and due to the time-intensive sampling and laboratory work necessary for high precision Hg 
isotope ratio measurements, many of these studies have been limited in either spatial or temporal 
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scope. Most studies that have explored temporal changes in Hg isotope signatures of sediments 
have focused their investigations on lake ecosystems (Ma et al., 2013; Guedron et al., 2016; Yin 
et al., 2016), with no long-term Hg isotope records from fluvial ecosystems, with the exception 
of an altered oxbow lake sediment core reported in Gray et al. (2015). In addition to temporal 
variability, environments like the South River exhibit dynamic conditions (e.g. wide ranges in 
discharge, watershed land use, water column chemistry) that can affect Hg cycling over spatial 
regions and across hydrologic gradients (e.g. Shanley et al., 2004). For example, a previous study 
demonstrated that monomethyl-mercury (MMHg) concentrations were the highest in 
contaminated South River sediments in late May, while the potential methylation rates were 
highest in August (Yu et al., 2011). The study authors postulated that Hg methylation by sulfate- 
and iron- reducing bacteria in South River sediments fluctuates due to processes that vary in 
space and time. Recent mesocosm experiments with periphyton in the South River demonstrated 
that Hg in the water column had a greater contribution to biological uptake of MeHg in 
periphyton than Hg associated with sediments (Brent & Berberich, 2013). Taken together, the 
results of these studies suggest that observations during only one time interval would likely fail 
to capture important aspects of the Hg dynamics of the ecosystem.  
 A study by Washburn et al. (2017), established the baseline Hg isotopic composition of 
the main physical reservoirs of Hg within the South River, although this study was conducted 
with limited spatial resolution and over a more limited range of hydrologic conditions than is 
observed in the South River. To address knowledge gaps identified by Washburn et al, we 
conducted sampling and analysis of additional physical reservoirs of Hg within the South River 
targeting increased spatial coverage and a wider range of hydrologic conditions. This study 
expands both spatial resolution in the reach adjacent to the former DuPont facility and 
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downstream in impacted reaches, needed to provide constraints on the Hg dynamics within the 
South River channel. In particular, we sampled the South River under an elevated hydrologic 
flow regime to assess the influence on the observed Hg isotopic compositions of the dissolved 
and particulate phase Hg within the channel system, and to explore the Hg isotopic composition 
of the hyporheic zone and its connection to Hg dynamics within the channel. In addition, 
sediments from a floodplain core were analyzed to understand longer term temporal variations in 
the isotopic composition of Hg released to South River sediments and stored during sediment 
deposition. By improving understanding of the spatial and temporal variations in Hg isotopic 
composition, this study provides insights into the processes that control Hg sources, mobility, 
and fate in the South River. 
3.2 Materials and Methods 
3.2.1 Sample Collection and Processing 
 The South River is a fourth order, single-thread, gravel-bed river located in the 
Shenandoah Valley of Virginia, USA (Rhoades et al., 2009). The details of sample collection and 
processing for samples collected during 2014 are presented in Washburn et al. (2017). Additional 
samples presented in this study were collected during late May of 2016, and were focused on a 7 
km reach of the river, from 4km upstream of the former DuPont plant in Waynesboro, VA to 3 
km downstream of the former industrial site. During this effort 6 different sample types were 
acquired: streambed sediments, bulk bank soils, filtered surface water (and associated suspended 
particulates), and filtered channel-margin hyporheic porewater (and associated suspended 
particulates). Following the convention of previous work on the South River system (Washburn 
et al., 2017; Flanders et al., 2010), sampling locations are labeled according to their distance, in 
relative river kilometers (RRKm), along the channel from a known historic point source of Hg at 
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the former DuPont plant (e.g., RRKm 0.0). Bank soil and streambed sediment samples were also 
collected at downstream locations (RRKm 3.9, 7.8, 15.9, 26.4) to improve the spatial resolution 
of the longitudinal profile presented in Washburn et al. (2017).  
Streambed sediment and bank soil samples were collected from fourteen locations along 
the South River channel in May 2016 (5/24/16 to 5/31/16). Bulk bank soil samples were 
collected as composite grab samples from exposed banks. Streambed sediments were collected 
using a hand-operated plastic bilge pump to effectively sample fine-grained sediment distributed 
within the coarse streambed. Sediments and bank soils were collected into acid washed 
containers in the field. Sample containers were placed on ice in the field, frozen within 8 hours 
of collection, shipped on ice to the University of Michigan, and then stored at -18 ºC. Sediment 
and bank soil samples were subsampled, freeze-dried, and dry sieved through acid-cleaned nylon 
mesh to remove detritus >2mm. The <2mm size fraction was then homogenized in an alumina 
ball mill. The mixing mill was cleaned between each sample by washing with water and ethanol 
and then grinding Hg-free quartz.  
 Filtered stream water and suspended sediment samples were collected at ten locations 
during May 2016 (5/25/16 to 5/31/16). Discharge at the USGS Waynesboro gage ranged 
between 7.08 and 3.26 m3s-1 during the sampling period, with consistently decreasing total 
discharge rates (USGS, 2017). These discharge conditions represent flow elevated above 
baseflow for May, with return periods ranging from 7.69 to 2.63. Water samples were collected, 
filtered, and preserved in the field, using trace-metal clean sampling methods following a 
modification of EPA Method 1669. Water samples were collected from the middle of the 
channel using acid-cleaned HDPE bottles, in which samples remained for no more than 15 
minutes before being filtered into acid-cleaned 1 L borosilicate glass media bottles containing 
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5mL of concentrated HCl (trace metal grade). Water samples were filtered using a hand operated 
vacuum-pump and disposable, pre-cleaned 0.45µm pore-size cellulose nitrate vacuum filter 
housings (Thermo Scientific). Filters were removed from the vacuum housing with acid cleaned 
forceps, placed in individual acid-cleaned petri dishes, and sealed with Teflon tape. Filters were 
frozen and water samples were placed in refrigerated storage at the end of each sampling day, 
and then transported in coolers to the University of Michigan. Filters were freeze-dried and 
stored in desiccation chambers. Water samples were oxidized with 1% BrCl (w/v), which was 
allowed to react with the water sample in dark refrigerated storage for a minimum of one month. 
Procedural field blanks were collected periodically during the sampling campaign using 1L of 
de-ionized water. Filters and de-ionized water were processed in parallel with the samples and 
then analyzed for THg concentration to assess potential contamination. Filtered water field 
blanks were subsampled and THg concentrations were analyzed by cold-vapor atomic 
fluorescence spectroscopy [CV-AFS; RA-3000FG+, Nippon Instruments] (following a modified 
EPA Method 1631). All filtered water field blanks (n=10) had THg concentrations that were 
below method detection limits of 0.2 ng/L. At each site, 1L of water was collected into a HDPE 
bottle and used to determine the total suspended solids (TSS) of surface water. TSS values were 
used in the calculation of distribution coefficients (log(Kd)) using THg values of the associated 
filtered surface water and suspended material following the method of Hurley et al. (1998). 
 Filtered channel margin hyporheic zone pore waters and suspended sediment samples 
were collected at ten locations during May, 2016 (5/25/16-5/31/16). Porewaters were sampled 
using a piezometer sampler probe (PPX36; M.H.E. Products; Henry Probe), augmented with 
acid-cleaned 50mL syringes attached to acid-cleaned PTFE tubing (5mm ID) assemblies for 
collecting water with minimal exposure to metal components. Samples were collected by 
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inserting the Henry probe to a depth of at least 20cm into the streambed at locations within 1 
meter of the channel edge. After Henry probe insertion the syringe-tubing assembly was inserted 
into the Henry probe and 50mL of porewater was removed and discarded. Porewater was then 
collected and emptied into an acid-cleaned HDPE bottle, in which samples remained for less 
than 15 minutes. From each insertion less than 300mL of porewater was removed to prevent 
sampling of surface waters, and porewater samples represent the aggregation of between 3-5 
Henry probe insertions made ~1 meter apart along the same channel margin. Porewater samples 
were then filtered following the procedure described above for surface water. Porewater samples 
were labeled according to the RRKm at which they were collected, then given a designation as to 
which bank they were collected from with a downstream orientation (e.g. right bank samples 
came from the former DuPont facility side of the channel).  
 Collection of a floodplain sediment profile (collected at RRKm 4.75) analyzed in this 
work for THg concentration and Hg isotopic composition is described in detail in Pizzuto et al., 
2016. Briefly, sediment samples were collected from the outside bank of a river meander by 
digging a vertical trench, and collecting sub samples at 3cm intervals to a depth of 20cm, then at 
5 cm intervals to a depth of 80cm. Samples were air-dried at the University of Delaware, and 
then processed as described below at the University of Michigan. Sample ages were estimated 
using the median sedimentation rate (0.575 ± 0.075 cm/year) given in Pizzuto et al. (2016), 
which was calculated using the activity of the 137Cs and 210Pb radionuclides measured in each 
sediment interval. Extending the uncertainty associated with the modeled sedimentation rate to 
the estimated sample age yields age uncertainties of up to 20.2 years at the bottom profile depth 
(80cm).  
 66 
3.2.2 Sample Preparation for Isotope Analysis and THg Concentrations 
Hg in streambed sediments, bank soils, floodplain profile sediments, and suspended 
materials (filters from both surface waters and porewaters) was separated for THg concentration 
and Hg stable isotope measurement by offline combustion, as described in detail elsewhere 
(Biswas et al., 2008; Demers et al., 2013). Briefly, 0.01 to 1.00 g of sample was packed into a 
ceramic boat and placed into the first stage of a two-furnace combustion system. Freeze dried 
filters were cut with a clean stainless steel razor blade and packed into ceramic boats in a similar 
manner to ground samples. The first-stage furnace was slowly ramped to 750 ºC over a six hour 
period while the second-stage furnace was held at 1000 ºC. Hg released from the sample matrix 
was carried through the combustion tube in a flow of Hg-free O2 and into a 1% KMnO4 in 10% 
H2SO4 (w/w) [1% KMnO4] trapping solution.  
Filtered surface water and filtered porewater was purged and trapped into 1% KMnO4 
solution for isotope analysis, following the procedure outlined in Washburn et al. (2017). Briefly, 
approximately 1L of previously acidified and oxidized surface water was weighed into a clean 
2L borosilicate glass media bottle. Samples were treated with 1.0 ml of concentrated 
hydroxylamine hydrochloride to destroy free halogens, capped tightly, and allowed to react for a 
minimum of 30 minutes. Through one port of a three-port Teflon transfer cap, 100mL of 10% 
SnCl2 was delivered to the reaction bottle via a peristaltic pump, at a rate of ~3.3 ml/min. 
Another port delivered Hg-free air (Au-filtered) to sparge the ~1L sample volume into the 
reactor headspace, while the final port removed gas from the reactor headspace into a 
borosilicate glass trap containing between 5.5 and 7.0 g of 1% KMnO4 trapping solution. 
Samples were purged for 3 hours while being vigorously stirred with a clean Teflon stir bar. 
Prior to purging and trapping, THg concentrations of each sample bottle were determined by 
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running small aliquots via CV-AFS. For each sampling site, the THg concentration for the 
filtered surface water sample is reported as the average of measured THg concentrations (ng/L) 
in each bottle collected at that site. The THg concentration of filtered porewater samples are 
reported as the measured THg concentration (ng/L) of each sample according to the sampling 
location. Due to the low THg concentration of some filtered surface water and filtered porewater 
samples, it was necessary to aggregate samples from different sampling locations to obtain 
enough Hg for an accurate Hg isotope analysis. For filtered surface waters, only the samples 
collected from RRKm -1.1 and -0.75 were combined into composite samples for Hg isotope 
analysis. For filtered porewaters, all samples collected upstream of RRKm -0.6 were composited 
(RRKm -4.0 left bank, RRKm -1.1 center channel and right bank, RRKm -0.75 left and right 
bank, RRKm -0.6 left bank), RRKm 0.0 left bank and RRKm 0.25 left bank were composited, 
and RRKm 0.7 left bank and RRKm 1.3 right bank were composited for Hg isotope analysis. 
The Hg isotope data for these composited samples are labeled as the most downstream sample of 
the aggregated samples in both Tables and Figures, while THg concentration are presented in 
Figures as average values (separate THg values for composited samples are presented in Table 
3.6). To determine Hg recovery, the THg concentration of small aliquots of each 1%KMnO4 
trapping solution was determined prior to transfer into a secondary trapping solution. Purge and 
trap recoveries of filtered surface water and filtered porewater samples averaged 103.0% ± 9.0% 
(range: 84.9% to 118.2%, n=35). 
Trapping solutions of both combustion and purge and trap samples were partially reduced 
with a 30% solution of NH2OH·HCl using an amount equal to 2% of the total sample by weight 
(w/w); then a small aliquot was taken and measured for THg by CV-AFS or cold vapor atomic 
absorption spectroscopy [CV-AAS; MA-2000 Nippon Instruments]. Combustion trap contents 
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were then purged into a secondary 1% KMnO4 trapping solution to remove potential matrix 
components from combustion residues and to adjust Hg concentrations prior to isotopic analysis 
(Sherman and Blum, 2013; Blum and Johnson, 2017). Hg recovery during this transfer into 
secondary 1% KMnO4 trapping solution was evaluated by taking small aliquots of the secondary 
trapping solution and analyzing the THg concentration by CV-AFS. Transfers into secondary 
traps for concentration and matrix- matching for all sample types averaged 98.4% ± 4.8% (range: 
84.4% to 110.4%, n=82). None of these transfers were likely to have significantly fractionated 
the processed samples. 
Procedural blanks were processed in parallel with samples for THg concentration and Hg 
isotopic composition. The trap contents of combusted field filter blanks contained 165±88 pg of 
Hg (n=16, ± 1SD), which is not significantly different from procedural combustion blanks 
(150±85 pg of Hg, n=5, ± 1SD). Purge and trap procedural blanks yielded between 28.7 and 67.6 
pg of Hg (n=6, mean±1SD = 46.2±15.9pg), representing at most no more than 10.4% of Hg in 
sample trap solutions. 
3.2.3 Hg Isotope Analysis 
The Hg isotopic composition of the secondary trapping solution was measured by cold 
vapor multi-collector inductively coupled plasma mass spectrometry (CV-MC-ICP-MS, Nu 
Instruments). Trapping solutions were partially reduced with a 30% solution of NH2OH·HCl at 
2% of the total sample by weight (w/w) and diluted with a similarly reduced 1%KMnO4 solution 
to between 0.8 and 5.5 ng/g. Hg was reduced online to Hg(0) by the addition of 2% (w/w) SnCl2 
and separated from solution using a frosted tip gas-liquid separator (Lauretta et al., 2001). Hg(0) 
was then carried into the MC-ICP-MS inlet by an Ar gas stream. An internal Tl standard (NIST 
997) was introduced as a dry aerosol into the Ar gas stream and used to correct for instrumental 
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mass bias. Strict sample-standard bracketing using NIST 3133 that was matched for both 
concentration and solution matrix was further used for mass bias correction (Blum and 
Bergquist, 2007). 
Mercury stable isotope compositions are reported throughout this paper in permil (‰) 
using delta notation (δxxxHg) relative to NIST SRM 3133 (Eq. 1), with mass dependent 
fractionation based on the 202Hg/198Hg ratio (δ202Hg) (Blum and Bergquist, 2007). Mass 
independent fractionation is reported as the deviation from the theoretically predicted δxxxHg 
values based on the kinetic mass fractionation law and is reported with capital delta notation 
(∆xxxHg) according to Eq. 2.  In this study MIF is represented with ∆199Hg, ∆200Hg, ∆201Hg, and 
∆204Hg, using β = 0.252, β = 0.502, β = 0.752, and β = 1.493, respectively (Blum and Bergquist, 
2007). 
Equation 1: δxxxHg (‰) = ([(xxxHg/198Hg)Sample / (xxxHg/198Hg)NIST3133] – 1) × 1000 
Equation 2: ΔxxxHg (‰) = δxxxHg – (δ202Hg × β) 
Certified reference materials and standards were processed and analyzed along with the 
South River samples. UM-Almáden was used as the process reference material for the purge and 
trap procedure. Purge and trap recoveries for UM-Almáden averaged 95.3% ± 4.4% (range: 
86.9% to 99.7%, n=7). NIST 2711 “Montana Soil,” was chosen as a suitable process reference 
material for offline combustions due to its high THg conc. (6.25µg/g) and similar matrix. 
Combustion recoveries of NIST 2711 averaged 102.9% ± 6.1% (range: 94.1% to 113.0%, 
average THg conc = 6.43± 0.38 µg/g, n=12) agreeing with the certified THg values. The average 
isotopic composition of NIST 2711 (δ202Hg= -0.20 ± 0.02‰, ∆199Hg= -0.21 ± 0.02‰) was 
consistent with previously reported values (Estrade et al., 2011; Jiskra et al., 2015; Yin et al., 
2016; Blum and Johnson, 2017; Washburn et al., 2017; Washburn et al., 2018). UM-Almáden 
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was measured during each analytical session on the CV-MC-ICP-MS to quantify within-session 
performance. The isotopic data from these process reference materials and process standards is 
summarized in Table S2. The analytical uncertainty of Hg isotopic measurements (2σ) is 
presented based on the sample preparation method used, either offline combustion (for bank 
soils, streambed sediments, surface water suspended particulates, and porewater suspended 
particulates) or purge and trap (for filtered surface waters and filtered porewaters). For 
combusted samples, error is presented as 2SD of UM-Almáden (In-Run) as this value was 
greater for all measured Hg isotope values than that associated with the NIST 2711 process 
reference material: δ202Hg ± 0.05‰, ∆199Hg ± 0.06‰, ∆200Hg ± 0.05‰, ∆204Hg ± 0.16‰. For 
purged and trapped samples, error is presented as 2SE of UM-Almáden process reference 
material: δ202Hg ± 0.10‰, ∆199Hg ± 0.10‰, ∆200Hg ± 0.07‰, ∆204Hg ± 0.15‰ [Table 3.2]. 
3.3 Results and Discussion 
3.3.1 Hg in Bank Soils and Streambed Sediments 
 Within the South River ecosystem, river bank soils and streambed sediments are the 
largest reservoirs of Hg associated with the historic industrial contamination (URS, 2012). Given 
the large amount of Hg stored within these reservoirs, the Hg isotopic composition of these 
reservoirs has a strong influence on the Hg isotopic composition of the other Hg reservoirs 
sampled for this study (Figure 3.1, as well as in Table 3.1). In general, bank soils have THg and 
Hg isotopic compositions that are similar to what was observed in 2014, and THg values similar 
to what has been observed by others (Flanders et al., 2010). THg values are relatively low (32.4 
ng/g) at the upstream reference site (RRKm -4.0), and the isotopic composition (δ202Hg = -0.99 ± 
0.05‰, ∆199Hg = -0.16 ± 0.05‰) is within analytical uncertainty of that measured at this site in 
2014 (δ202Hg = -1.01 ± 0.04‰, ∆199Hg = -0.18 ± 0.03‰). At RRKm -0.75, the THg of the bank 
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soil yielded the lowest value measured over the two sampling efforts (13.3 ng/g). This very low 
THg value likely indicates an environment unaffected by historic industrial or direct atmospheric 
contamination, consistent with the isotopic composition of the bank soil at this site (δ202Hg = -
1.44 ± 0.05‰, ∆199Hg = -0.25 ± 0.05‰), which is likely representative of the regional 
background composition. The differences in Hg isotopic composition between RRKm -4.0 and 
RRKm -0.75 bank soils may reflect the potential heterogeneity of proportional mixing of 
atmospheric deposition, geogenic materials, and vegetative Hg sources in uncontaminated 
portions of the South River. From RRKm -0.75 to RRKm 0.0, the THg values of bank soils 
increased 3 orders of magnitude (from 13.3 ng/g to 62.9 µg/g). The increase in THg was 
accompanied by a shift in the isotopic composition of the bank soils, from δ202Hg = -1.44 ± 
0.05‰ and ∆199Hg = -0.25 ± 0.06‰ at RRKm -0.75 to δ202Hg = -0.63 ± 0.05‰ and ∆199Hg = -
0.01 ± 0.05‰ at RRKm 0.0 (Figure 3.10). This pattern is consistent with observations in this 
river reach in 2014 that indicated a shift from regional background Hg to Hg from industrial 
contamination from the former DuPont plant. From RRKm 0.7 to RRKm 2.2, bank soil THg 
values remain elevated (6.30 to 22.6 µg/g), but δ202Hg values increase from -0.93‰ to -0.47‰. 
This less negative δ202Hg value in the bank soil at RRKm 2.2 is similar to the bank soil isotopic 
composition at RRKm 13.9 in 2014 (δ202Hg = -0.18 ± 0.04‰) and perhaps represents past 
deposition of Hg with a relatively more positive δ202Hg value (discussed in Section 3.3.4). The 
bank soil collected at RRKm 2.2 in 2014 had a more negative δ202Hg value (-0.64 ± 0.04‰), 
despite a similarly elevated THg (11.6 µg/g) compared to the 2016 bank soil sample, suggesting 
that depositional patterns of Hg contamination within the impacted downstream reaches of the 
South River may exhibit significant isotopic heterogeneity. 
 Streambed sediments collected during 2016 exhibit patterns that were not 
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observed in 2014. The THg values of 2016 streambed sediments in our detailed longitudinal 
profile (RRKm -4.0 to 2.2) were lower than those observed in 2014, never exceeding 0.64 µg/g 
(at RRKm 2.2). By comparison, in 2014 we observed a THg value of 7.73 µg/g at RRKm 2.2, 
and THg concentrations were elevated significantly above background at RRKm 0.0 (2.81 µg/g). 
The Hg isotopic composition of the streambed sediments at the upstream reference site (RRKm -
4.0) were significantly different between the two sampling years (2016: δ202Hg = -0.69 ± 0.05‰ 
and ∆199Hg = -0.13 ± 0.05‰; 2014: δ202Hg = -1.27 ± 0.04‰, ∆199Hg = -0.21 ± 0.03‰), 
although the THg values were of a similar magnitude (2016: 12.9 ng/g; 2014: 76.1 ng/g). The 
lower THg and more positive δ202Hg value in the 2016 RRKm -4.0 streambed sediment could 
represent a relatively smaller influence of Hg associated with allocthonous organic matter, which 
would be expected to have more negative δ202Hg values reflecting inputs of Hg associated with 
riparian vegetation (Demers et al 2013; Jiskra et al., 2015; Zheng et al., 2016; Enrico et al., 
2016).  
The Hg isotopic composition of streambed sediments in the reach adjacent to the 
industrial facility also varied between the two sampling years. In 2016, the sediments from 
RRKm -1.1 to 2.2 had an average isotopic composition of δ202Hg = -1.11 ± 0.17‰ and ∆199Hg = 
0.05 ± 0.09‰ (±1SD, n=9), with a decreasing trend in δ202Hg values relative to stream position 
(Figure 3.10), whereas sediments collected in the same reach from 2014 had an average isotopic 
composition of δ202Hg = -0.63± 0.05 ‰ and ∆199Hg = 0.02 ± 0.03‰ (±1SD, n=3) with no 
discernible trend in δ202Hg values. This difference in average Hg isotopic composition may 
reflect the movement of relatively less contaminated sediments into this reach due to streambed 
scouring and sediment transport during high flow events.  
Streambed sediments collected in 2016 at sites farther downstream (RRKm 3.9 to 26.4) 
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also have similar THg (3.68 to 17.8 µg/g) and Hg isotopic compositions (δ202Hg = -0.57 to -
0.44‰ and ∆199Hg = 0.01 to 0.06‰) as observed in 2014 sampling, with the exception of 
sediment from RRKm 7.8 (Table 3.1). Bank soils collected in 2016 at sites farther downstream 
(RRKm 3.9 to 26.4) also have similar THg (6.33 to 45.2 µg/g) and Hg isotopic compositions 
(δ202Hg = -0.72 to -0.47 and ∆199Hg = 0.05 to 0.08) as observed in 2014 sampling (Table 3.1). 
The streambed sediment at RRKm 7.8 has a relatively lower THg (1.54 µg/g) and an unusual Hg 
isotopic composition (δ202Hg = -1.93 ± 0.05‰ and ∆199Hg = 0.14 ± 0.05‰). Streambed sediment 
at RRKm 7.8 has the lowest δ202Hg value we have observed for any sample from the South 
River, and seems to be an outlier when compared to the relatively small range of δ202Hg values 
observed for all other samples collected from downstream reaches (RRKm 3.9 to 35.4) [Table 
3.1]. RRKm 7.8 is just upstream of the historic Dooms mill dam, which is still partially intact, 
and creates depositional areas within the river channel (Pizzuto and O’Neal, 2009). The low 
δ202Hg value in the sediment may be related to varying patterns of deposition of sediment size 
fractions with distinct Hg isotope compositions or hydrologic processes within depositional 
zones that are not seen in other portions of the South River channel (Donovan et al., 2014). 
However, without additional information about the biogeochemical and hydrologic 
characteristics of this site and additional sampling, it is difficult to ascertain why the streambed 
sediment at RRKm 7.8 has such an anomalously low δ202Hg value, and whether this value is 
representative of in-situ fractionation processes such as microbial reduction or sequential 
leaching of a sorbed Hg phase (Kritee et al., 2007; Jiskra et al., 2012), a different Hg source, or a 
combination of both mechanisms.  
Overall, the streambed sediments and bank soils reflect the dominance of Hg from the 
industrial contamination throughout the downstream reaches of the South River. Downstream 
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reaches (RRKm 3.9 – 26.4) appear to have significantly less variation in the Hg isotopic 
composition of these large Hg reservoirs than the reach adjacent to the former DuPont facility 
(RRKm -1.1 – 3.9) suggesting that natural contamination attenuation processes such as sediment 
dilution may be affecting this reach of the South River. However, the more limited spatial 
coverage of samples in downstream reaches limits our ability to draw firm conclusions about the 
absolute Hg isotope variation within the South River. 
3.3.2 Hg in Surface Waters 
The THg values and Hg isotopic composition of filtered surface water and suspended 
particulates, collected at sites between RRKm -1.1 to 2.2, are presented in Table 3.1 and Figures 
3.1, 3.2, 3.3, and 3.11. The THg values for both filtered surface water samples (0.35 to 1.51 
ng/L) and suspended particulates (0.32 to 4.60 ng/L) were relatively low compared to samples 
collected in the same reach in 2014. The relatively lower THg values observed in 2016 may 
reflect a dilution effect in the river channel related to elevated flow conditions during sampling, 
with discharge at the USGS Waynesboro gage ranging between 7.08 and 3.26 m3s-1 during the 
sampling period. For comparison, discharge during 2014 sampling ranged between 1.64 to 1.84 
m3s-1 (USGS, 2017). Flanders et al., 2010 observed a similiar dilution of inorganic Hg on 
particulates during elevated flows (e.g. storm events). Reflecting this dilution, the field 
measurement based partition coefficients for 2016 surface water samples (log(Kd) = 5.40 to 6.04) 
were lower than those observed in 2014 (6.04 to 6.47). Filtered surface water samples from 2016 
have a range of Hg isotope values (δ202Hg = -0.95 to -0.57‰ and ∆199Hg = -0.20 to 0.09‰) that 
are similar to that of suspended particulate samples (δ202Hg = -1.29 to -0.67‰ and ∆199Hg = -
0.35 to 0.08‰), and neither sample type exhibit any significant isotopic trends with relative 
distance downstream. 
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In contrast to 2014 sampling, there was no statistically significant δ202Hg offset observed 
between filtered surface water and suspended particulate samples throughout the South River 
study reach in 2016 [paired t-Test, n=8, T=1.25, p=0.25]. Rather, in 2016 filtered surface water 
and suspended particulate samples appear to have tightly coupled δ202Hg values with differences 
between associated samples never exceeding 0.12‰ (Figure 3.11). These small offsets were both 
positive and negative for filtered surface water samples relative to suspended particulates. The 
δ202Hg values of filtered surface water and suspended particulate samples are intermediate 
between the δ202Hg values of streambed sediments and bank soils measured at the same sampling 
locations with the exception of RRKm 0.7 and RRKm -4.0. At RRKm 0.7 the suspended 
particulates and bank soil are within analytical uncertainty of each other (δ202Hg = -0.88 ± 
0.05‰ and -0.93 ± 0.05‰, respectively) and at RRKm -4.0 the suspended particulates are 
significantly more negative than either the bank soils or streambed sediments (δ202Hg = -1.29 ± 
0.05‰, -0.99 ± 0.05‰, and -0.93 ± 0.05‰, respectively).  
The δ202Hg values of filtered surface water and suspended particulate samples do not 
correlate with any of the ancillary chemical parameters (e.g. dissolved oxygen, pH, etc.) 
measured during sampling [Table 3.3]. Overall, the isotopic composition observed in filtered 
surface waters and suspended particulates provides additional evidence in support of the erosion 
of Hg-laden bank soils and resuspension of contaminated streambed sediments as the main 
source of Hg to the channel at elevated flows (Flanders et al., 2010; URS, 2012). 
The lack of δ202Hg offset between filtered surface waters and suspended particulates 
during this sampling does not discount the fractionation mechanism proposed in Washburn et al. 
(2017), but rather suggests that the factors necessary for the observation of this fractionation are 
not present during elevated river discharge conditions. At elevated flow the majority of Hg 
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entering the South River channel is likely already bound to particulates sourced from bank 
erosion and sediment re-suspension. Thus, the potential sources of dissolved Hg(II) to the system 
(such as groundwater influxes or diffusion of Hg from storage in interstitial sediment) that might 
undergo rapid sorption are likely to be minimal contributors to the total Hg load present in the 
channel. Dissolved Hg(II) sources would be available to undergo the rapid sorption to high 
affinity thiol-like moieties on organic colloids and associated fractions proposed by Washburn et 
al. (2017). The diminished presence of dissolved Hg(II) sources during elevated flow, whether 
related to dilution of the Hg load or changes in the physiochemical properties of the South River 
channel during elevated flows, would limit the observation of the δ202Hg offset between filtered 
surface water and suspended particulates.  
The majority of filtered surface water and suspended particulate samples have ∆199Hg 
values that are within analytical uncertainty (± 0.10‰) of 0.00‰, reflecting the Hg isotopic 
composition of Hg sourced from industrial contamination. However, the suspended particulates 
from RRKm -4.0, -1.1/-0.75 composite, -0.6, and 0.25, as well as the filtered surface water 
samples from RRKm -0.25 and 0.7 have ∆199Hg values that are significantly negative (∆199Hg = -
0.10 to -0.35‰). The most likely explanation for these negative ∆199Hg values is the influence of 
Hg associated with allocthonous organic matter sourced from riparian zone vegetation and soils. 
Previous work has demonstrated that Hg associated with organic matter in the forest floor has 
negative ∆199Hg values (Demers et al., 2013; Zheng et al., 2016). Recent work has also 
demonstrated that soil runoff from a boreal forest in Sweden had Hg associated with natural 
organic matter in surface waters with a Hg isotopic composition similar to that of the forest soil, 
and concluded that the majority of the Hg in the runoff originated from vegetative uptake of 
atmospheric Hg0 (Jiskra et al., 2017). Similarly, a recent study demonstrated that Hg exported via 
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streamflow from a boreal upland-peatland catchment in northern Minnesota, was predominantly 
sourced from dry deposition of Hg(0) which had become associated with dissolved organic 
matter (Woerndle et al., 2018). The storm event prior to our sampling of the South River may 
have carried a significant amount of organic matter detritus into the South River channel, and Hg 
bound to this organic matter detritus could represent a large portion of the Hg in the surface 
water during high discharge. The negative ∆199Hg value of the suspended particulates at RRKm -
4.0 (-0.26‰), coupled with the negative ∆199Hg values found in both bank soils and streambed 
sediments at this site (-0.16‰ and -0.13‰, respectively), suggests that within uncontaminated 
reaches of the South River, influx of Hg-associated with organic matter from the riparian zones 
is the dominant Hg source to the channel environment and likely would be throughout a range of 
discharge conditions. 
3.3.3 Hg in Channel Margin Hyporheic Zone Porewaters 
 THg values for filtered porewater and porewater suspended particulates are presented in 
Table 3.1 and Figure 3.1. Porewater suspended particulates have elevated THg (average = 1.22 ± 
2.00 µg/L, n=15, ±1SD, up to 7.94 µg/L at RRKm 0.0 right bank) compared to suspended 
particulates collected from surface waters. Despite the elevated THg in some of the porewater 
suspended particulates, the filtered porewater samples have comparatively low values (never 
greater than 8.80 ng/L at RRKm -0.25 left bank). This disparity points to the predominance of 
Hg bound to particulate phases in the hyporheic zones of the channel margins in the South River. 
There does not appear to be any trend in THg with RRKm, nor does there seem to be any 
distinction in THg values between porewater samples collected near the left bank or the right 
bank.  
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 Similar to the lack of THg concentration trends, there does not appear to be any trend in 
the Hg isotopic composition of porewaters collected from either bank or between left and right 
bank samples at the same sampling site (see Figure 3.9). However, filtered porewaters exhibit a 
significant linear relationship between δ202Hg values and 1/THg [n=7, linear regression slope = 
0.65, R2=0.65, p-value = 0.03]. Filtered porewaters and porewater suspended particulates have a 
significantly different δ202Hg isotopic composition than filtered surface water and surface water 
suspended particulates [Unpaired t-Test, n1=17, n2=22, T=3.00, p=0.004]. Two porewater 
suspended particulate samples (RRKm -0.75 right bank and RRKm -0.6 left bank) have the 
highest δ202Hg values observed for any samples in the South River (δ202Hg = 0.23 ± 0.05‰ and 
0.87 ± 0.05‰, respectively) and neither has an anomalous THg value (1.36 and 0.18 ug/L, 
respectively). Removing these two outliers from the porewater samples does not change the 
statistical difference between porewater and surface water populations [Unpaired t-Test, n1=17, 
n2=20, T=3.10, p=0.004]. Filtered porewaters and porewater suspended particulates have more 
positive δ202Hg values than the filtered surface water and suspended particulates from the same 
locations with the exception of filtered porewater from RRKm -0.25 left bank and porewater 
suspended particulates from RRKm 1.3 right bank. The dissolved Hg fraction in hyporheic zone 
porewaters collected in a recent study of East Fork Poplar Creek, TN, had δ202Hg values that 
were similar to or more positive than the associated overlying surface water, which is in 
accordance with observations of hyporheic porewaters in the South River (Demers et al., 2018). 
In the South River, porewater suspended particulates follow similar ∆199Hg trends to bank soils 
and streambed sediments in the sampled reach, with negative values at the upstream reference 
site, RRKm -4.0 (∆199Hg = -0.39± 0.05‰), increasing downstream to ∆199Hg values near 0.00‰ 
at RRKm 0.0 (∆199Hg = 0.02± 0.05‰). Filtered porewaters follow a similar increasing ∆199Hg 
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trend at the reach scale, with the exception of 3 samples with significantly elevated positive 
∆199Hg values that are discussed in detail below. 
There are a number of possible explanations for the relatively more positive δ202Hg 
values observed in filtered porewaters and porewater suspended particulates. The first possible 
explanation is that the Hg isotopic composition of porewater samples is reflective of mixing 
between end-members. This interpretation is supported by the observation of a significant 
correlation between δ202Hg values and 1/THg for filtered porewaters, but with no significant 
correlation for porewater suspended particulates. Additionally, no Hg source to the South River 
has been identified with a positive or near-zero δ202Hg value, so a mixing model would be 
speculative. The second possible explanation is that the Hg present in the porewaters has 
undergone fractionation. Any fractionation mechanism postulated to explain the observed pattern 
in δ202Hg cannot impart an odd MIF signature, as all but three of the porewater samples have 
∆199Hg values that are near 0.00‰.  
One such possible fractionation mechanism to explain the isotopic composition observed 
in filtered porewaters and porewater suspended particulates is microbially mediated reduction of 
Hg, because this process results in a Hg(II) pool that has a more positive δ202Hg value than the 
starting Hg reservoir (Kritee et al., 2007). Microbial reduction is likely to occur in the anoxic 
settings of the hyporheic zone, however significant amounts of Hg would have to be reduced and 
lost by evasion to produce the magnitude of positive δ202Hg shifts detected for some filtered 
porewater and suspended particulate samples (up to 70% Hg loss by evasion if surface water is 
considered as the isotopic source of Hg to the hyporheic zones).  
Another possible fractionation mechanism is dark, abiotic reduction of Hg(II) by 
dissolved organic matter (Zheng and Hintelmann, 2010). This mechanism seems unlikely as 
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neither the filtered porewater nor the porewater suspended particulates have a ∆199Hg/∆201Hg 
slope that is consistent with the experimentally derived value of 1.6 (Zheng and Hintelmann, 
2010; Ghosh et al., 2013), instead exhibiting a ∆199Hg/∆201Hg linear regression slope of 
0.96±0.27 [±1SE] [Figure S3].  
A third potential explanation is that fractionation related to sorption processes is creating 
a Hg(II)diss pool with more positive δ202Hg values relative to the starting reservoir, with 
streambed sediments as a potential initial Hg reservoir (Jiskra et al., 2012; Wiederhold et al., 
2010). The fractionated pool of Hg(II)diss might then infiltrate into the hyporheic zone at channel 
margins, through diffusive fluxes or movement along flow gradients. The fraction of Hg(II)diss 
being exported from the streambed sediments is presumably small compared to the large quantity 
of Hg stored within this reservoir; hence we have been unable to delineate the Hg isotopic 
composition of the released Hg(II)diss due to Hg mass balance considerations.  
Alternatively, a recent study documented release of Hg0(aq) from nanoparticulate β-HgS 
within a contaminated riparian soil during simulated flooding, which created a strongly reducing 
environment (Poulin et al., 2016). Because β-HgS is thought to be the predominant species of Hg 
within the South River banks (URS, 2012), a similar release of Hg0(aq) could be occurring within 
the banks or streambed of the South River. Exposure of the mobilized Hg0(aq) to changing redox 
conditions within the hyporheic zone might result in oxidation of the Hg0(aq), and subsequently 
undergo speciation to a range of R-Hg(II)diss species. This new pool of R-Hg(II)diss would be 
subject to sorption reactions, providing a source of Hg for the process described above. 
Our inability to distinguish among the processes outlined above as controls on Hg 
isotopic composition within porewaters is partly due to the lack of information about the 
hydrologic conditions and flow patterns in the hyporheic zone. Without these data, we cannot 
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differentiate between sites that receive largely unidirectional flow (e.g. groundwater discharge) 
versus sites with dynamic flow regimes (surface water exchange). There is evidence that flow 
regime can play a dominant role in Hg dynamics within fluvial hyporheic zones. The studies 
conducted to date suggest that there is a gradient in filtered THg [FTHg] along flow paths within 
hyporheic zones, displaying initially elevated THg relative to surface water, with decreasing THg 
down gradient (Hinkle et al., 2014). Other studies have observed distinct THg peaks along 
vertical profiles within the hyporheic zone (Creswell et al., 2008), and seasonal variations in 
THg related to groundwater discharge (Stoor et al., 2006). A strong positive correlation between 
FTHg and dissolved organic carbon [DOC] has been in observed in hyporheic porewaters of an 
Oregon stream (Hinkle et al., 2014). All of these factors (flow regime, sampling location along 
hydrologic gradient, DOC) could be impacting our measured Hg isotope ratios in porewater 
samples. Although we lack enough additional information to suggest which of these explanations 
is most likely, it is possible that several or all of the hypothesized mechanisms are occurring 
within the hyporheic zones simultaneously and to varying degrees. The similar patterns in 
isotopic composition observed for Hg within the hyporheic zones of East Fork Poplar Creek and 
the South River, two distinctly different contaminated fluvial systems, may point towards a more 
fundamental process controlling the isotopic partitioning of Hg into hyporheic zones (Demers et 
al., 2018). 
 As mentioned above, three of the filtered porewater samples, RRKm -4.0 to -0.6 
composite, RRKm 0.25 left bank, and RRKm 1.3 right bank, have significantly elevated ∆199Hg 
values relative to other samples analyzed for this study (∆199Hg = 0.27 to 0.39, 0.33± 0.06‰ 
[mean± 1SD]), as well as large magnitude even MIF anomalies (∆200Hg = 0.17 to 0.22, 0.19± 
0.03‰; ∆204Hg = -0.29 to -0.41, -0.36± 0.06‰ [mean± 1SD]) [see Table 3.1, Figures 3.3, 3.9]. 
 82 
These samples have MIF signatures that are most similar to Hg measured in North American 
precipitation, and to date significant even MIF anomalies have only been observed in samples 
with atmospheric origins (Gratz et al., 2010; Chen et al., 2012; Demers et al., 2013; Cai and 
Chen, 2015). The ratio of ∆200Hg /∆204Hg in these three porewater samples (-0.46, -0.51, -0.62) is 
similar to the -0.5 slope observed in samples with atmospheric origins (precipitation and TGM) 
(Blum and Johnson, 2017). Due to the observation of positive odd MIF and large magnitude 
even MIF signatures in these filtered porewater samples, we hypothesize that Hg originating 
from precipitation has infiltrated the channel margin hyporheic zone at these locations, perhaps 
as part of the hydrologic flow regime during elevated flow events. These three filtered porewater 
samples have low THg (0.87 to 2.83 ng/L), so a relatively small amount of dissolved Hg from 
precipitation could significantly shift the Hg isotopic composition of the porewaters. These three 
porewater samples also have the least negative δ202Hg values observed (δ202Hg = -0.35 to -
0.03‰), again consistent with mixing of the industrial Hg source with a precipitation source that 
has a less negative or positive δ202Hg value. The average Hg isotope composition of North 
American precipitation (δ202Hg= -0.48 ± 1.04, ∆199Hg = 0.36±0.57‰, 2SD, n=64) suggests that 
binary mixing between precipitation and the identified industrial Hg endmember within the 
South River could explain the anomalous MIF values observed in these three porewater samples 
(Zheng et al., 2016 and references therein). Hg originating from precipitation could be subjected 
to a number of fractionation mechanisms that result in MDF shifts only (e.g. sorption, microbial 
reduction) and still retain the MIF signatures of atmospheric cycling.  
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3.3.4 Temporal Variations in Hg Isotope Composition as Observed in a Floodplain 
Sediment Profile 
 Hg was released into the South River over thirty one years from 1929 to 1950. Thus, a 
potential source of isotopic variability in Hg measured in the channel at the present could be past 
release of Hg with varying isotopic composition due to either a changing Hg ore source for the 
mercuric sulfate catalyst used in the acetate fiber production process, or changes in the regime of 
Hg release to the channel (e.g. direct loss of elemental mercury to soils, changing contaminated 
groundwater flow, loss from Hg-containing waste, etc.). No archives of the Hg used at the plant 
are known to exist, but one proxy for Hg release is floodplain overbank sediments, where 
accumulation of contaminated streambed sediment from the river channel provides a record of 
Hg entering the South River ecosystem over time. We analyzed the Hg isotopic composition of 
sediments from a floodplain profile from RRKm 4.75, located on the outside left bank of a 
meandering bend that had been previously dated using fallout radionuclides (210Pb and 137Cs; 
Pizzuto et al., 2016). The THg profile of these floodplain sediments (Figure 3.4, Table 3.4) is in 
good agreement with other floodplain profiles analyzed from the South River (Pizzuto et al., 
2016) as well as fine-grained channel margin sediment cores (Skalak and Pizzuto, 2010), with 
peak THg values (1958, 147 µg/g) coming directly after the period of Hg use at the former 
DuPont plant ended in 1950. Interestingly, THg values in sediments that have been dated to 
times prior to known Hg use at the former DuPont facility (prior to 1929) are also significantly 
elevated (1.56 to 13.7 µg/g) compared to regional background bank soils THg (~30 ng/g). This 
may be the result of the uncertainty associated with the age model (at a depth of 70-75cm, the 
age estimates range from 1869.5 to 1903.0) or due to downward infiltration of Hg into the 
sediment profile. 
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The average isotopic composition of RRKm 4.75 floodplain sediment samples is δ202Hg 
= -0.48 ± 0.14‰, and ∆199Hg = 0.04 ± 0.03‰ (n=17, ±1SD). There are three significant δ202Hg 
outliers observed in the floodplain profile (1994.5, δ202Hg = -0.11‰; 1987.5, δ202Hg = -0.71‰; 
1940.6, δ202Hg = -0.27‰), but each sediment sample has a ∆199Hg value within 1SD of the mean 
∆199Hg value for the floodplain profile. Removing these three outliers from the mean calculation 
does not significantly alter the mean δ202Hg value of RRKm 4.75 floodplain sediments (δ202Hg = 
-0.51 ± 0.07‰, n=14, ±1SD). The average isotopic composition of the floodplain sediments is 
similar to the industrial end-member identified from 2014 streambed sediments (δ202Hg = -0.59± 
0.11‰). 
The three sediment samples that have δ202Hg values that can be considered outliers may 
be representative of temporary shifts in Hg isotopic composition of past Hg released, rather than 
being the result of in situ fractionation processes. For in situ fractionation processes to cause the 
variation in δ202Hg values observed, processes that would cause both positive and negative MDF 
would have to be occurring within the sediment profile. Additionally, significant amounts of Hg 
would have to be removed from the system to cause shifts in the isotopic composition of total 
Hg. For example, for microbial reduction of Hg(II) to produce the +0.40‰ shift observed from 
the average δ202Hg value in the floodplain sediments to the 9-14cm depth sediment, between 
~18-27% of the Hg(II) present in the sediments would have to be lost as Hg0 according to the 
experimentally derived fractionation factors presented in Kritee et al. (2007); such a loss is not 
reflected in the THg values of the floodplain sediments as a deviation from the expected trends. 
The positively shifted sediment samples (median ages 1994.5 and 1940.6) have δ202Hg values (-
0.11 ± 0.05‰ and -0.27 ± 0.05‰, respectively) that most closely resemble bank soils from 
RRKm 2.2 (-0.28 ± 0.05‰; 2016) and RRKm 13.9 (-0.18 ± 0.04‰; 2014). The positively shifted 
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floodplain sediments also have similar δ202Hg values as the suspended particulates measured in 
Outfall 001 (-0.34 ± 0.04‰; 2015), a discharge outfall connected to the storm water sewer 
system at the former DuPont facility that enters the South River channel at RRKm -0.75 that 
characterizes the limited amounts of Hg being released at present. The observation of a similar 
isotopic composition of Hg being released from the plant at present, combined with a similarity 
to the isotopic composition in spatially distributed surficial bank soils, suggests a source of Hg at 
the former DuPont facility that has been released sporadically with a less negative δ202Hg value. 
A series of recent studies have demonstrated that the calcine waste products of Hg ore retorting 
can exhibit a very wide range in δ202Hg values (-1.91 to 2.10‰) for bulk material. Hg mobilized 
in leachates from these calcine wastes can have positively shifted δ202Hg values (shifts of +0.84 
to 1.25‰). Variability of the isotopic composition of calcines can be averaged in impacted creek 
sediments by mixing (-0.58 to 0.84‰) (Wiederhold et al., 2013; Smith et al., 2015). Thus the 
process of retorting Hg-containing waste sludge at the DuPont facility could have produced Hg 
reservoirs with varying isotopic compositions, and preferential release of Hg from these 
reservoirs could have contributed to the variability observed in the floodplain profile reported 
here (Washburn et al., 2017). 
3.3.5 3 End-Member Isotopic Mixing Model 
A number of previous studies have demonstrated the utility of end-member mixing 
models in source tracing of Hg contamination in aqueous settings (Donovan et al., 2014; Liu et 
al., 2011; Wiederhold et al., 2015), although this can become complicated in settings with Hg 
sources that have high isotopic variability (Smith et al., 2105). Washburn et al. (2017) concluded 
that a three end-member mixing model was necessary to account for the full range of isotopic 
composition observed within the South River system. However, limited sampling prevented the 
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identification of the source of an “unknown” end member (relatively elevated THg conc., δ202Hg 
value ~-1.10‰) that was influencing the isotopic composition of Hg in the surface waters near 
the former DuPont plant. In Figure 3.5 we present an updated version of the 3 end-member 
mixing model proposed by Washburn et al. (2017), incorporating the additional data gathered 
during the 2016 sampling effort and reported in this study. Streambed sediments from 2016 in 
the river reach adjacent to the former DuPont facility (δ202Hg average = -1.11 ± 0.17‰, n=10, 
±1SD) have the same Hg concentration and isotopic composition as the unknown end-member 
previously proposed (Washburn et al., 2017). The majority of the sediments sampled in 2016 
were upstream of the sites at which the unknown Hg isotopic end-member was observed in 2014. 
Thus the streambed sediments sampled in 2016 may represent the source of the unknown end-
member as the previous mixing model utilized measurements of suspended particulates, whose 
isotopic composition could be influenced by re-suspension of sediment located upstream of the 
surface water sampling site.  
One potential explanation for the lower δ202Hg values observed in the 2016 streambed 
sediments is that they reflect the influence of Hg derived from coal, either as direct inputs of coal 
fines or fly ash into the river, or long-term deposition of Hg from coal combustion. A recent 
study has shown that Hg in fly ash from the TVA Kingston coal fired power plant located in 
Tennessee, USA had an average δ202Hg = -1.78 ± 0.35‰ and an average THg conc. of 123 ± 23 
ng/g, while all bulk coal mined in the USA has an average δ202Hg of about -1.44‰ (Bartov et al., 
2013; Sun et al., 2016). Three small coal fired utility boilers were in operation at the former 
DuPont facility until 2014, and feed coal was stored onsite. Mixing of Hg from coal fines or fly 
ash with the source of industrial contamination from the former DuPont plant could therefore 
explain both the lower THg conc. and relatively lower δ202Hg values in the 2016 streambed 
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sediments. Washburn et al. (2017) suggested that the source of the low δ202Hg end-member 
could be related to release of Hg that had undergone fractionation as part of either the acetate 
fiber production or the onsite Hg retorting processes.  
In between the 2014 and 2016 sampling efforts, various actions were undertaken as part 
of planned remediation on the contaminated storm water sewer system at the former DuPont 
Facility. The storm water sewer system drained areas of the former DuPont facility where 
elemental Hg had been found, including the site of the former building that housed the retorting 
furnace (URS, 2015). These remediation efforts could have released Hg with a differing isotopic 
composition into the South River channel. Elevated Hg concentrations in groundwater have been 
observed at the plant site (URS, 2015), and transport and release of Hg in groundwater could be 
an additional source of Hg with a varying isotopic composition to the South River channel. 
However, we currently lack enough supporting information to unequivocally identify the source 
of this additional Hg end-member. 
In 2016 sufficient volumes of stream water were collected to obtain Hg isotope data for 
the suspended particulates at the upstream reference site, RRKm -4.0. We have updated the 
mixing model so that it now uses the composition of the suspended particulates from this 
reference site to represent the regional background end-member, because it more accurately 
reflects the composition of Hg being delivered to contaminated reaches of the South River that 
have relatively low THg values. The δ202Hg value of the suspended particulates from RRKm -4.0 
in 2016 was within analytical uncertainty of the Middle River reference site suspended 
particulates from 2014 (δ202Hg = -1.29± 0.05‰ and -1.22± 0.04‰, respectively), which was 
previously used to delineate the regional background end-member, however the RRKm -4.0 
suspended particulates had a much lower THg value (THg values of 0.32 ng/L and 2.03 ng/L, 
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respectively). Suspended particulates from the contamination impacted reach collected in 2016 
show a similar range of δ202Hg values to those collected in 2014 (2016: -1.05 to -0.67 ± 0.05‰; 
2014: -1.06 to -0.57 ± 0.04‰). However, there is a much greater variability in THg conc. in the 
2016 suspended particulates compared to the 2014 samples, likely due to the dilution effects 
discussed in Section 3.3.2.  
The isotopic end-members identified in the δ202Hg mixing model should also be able to 
explain the observed variation in surface water suspended particulate ∆199Hg values (Figure 
3.12). The two industrial-contamination end-members (2014 and 2016 streambed sediments) 
have very similar average ∆199Hg values (0.02 ± 0.03‰ and 0.05 ± 0.09‰ respectively, [mean ± 
1SD]), effectively functioning as a single end-member. The regional background end-member 
has a negative ∆199Hg value (-0.26 ± 0.05‰), likely reflecting the influence of riparian zone 
foliage and soils on the isotopic composition of Hg within the channel at unimpacted locations 
(Demers et al., 2013; Zheng et al., 2016; Jiskra et al., 2017). Isotopic mixing of these two end-
members is able to explain the variability of the surface water suspended particulate MIF values, 
except for the suspended particulates collected at RRKm -0.6 and 0.25. At these two sites, the 
suspended particulates have ∆199Hg values that are shifted towards more negative values (-0.35± 
0.05‰ and -0.22± 0.05‰, respectively) than would be predicted from the mixing model. This 
suggests that the RRKm -4.0 suspended particulate sample does not account for the full 
heterogeneity in the isotopic composition of the unimpacted riparian zone Hg inputs to the 
channel.  
Overall, a three end-member isotopic mixing model is able to account for both the mass 
dependent and mass independent Hg isotope variation of samples collected from the South River 
channel environment in both 2014 and 2016. It is important to note that although we have chosen 
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to use the average composition of streambed sediments to represent the industrial end-member, 
the average composition of bank soils is interchangeable as a representation of the industrial end-
member as the bank soils have on average a very similar isotopic composition and THg value as 
the 2014 streambed sediments. Thus, the end-member mixing model supports the conceptual 
model of Hg within the South River channel proposed by others previously (Flanders et al., 
2010; URS, 2012), but the conceptual model needs modification to account for the multiple Hg 
isotopic end-members within the Hg reservoirs that are the dominant inputs to the channel 
system, namely bank soils and streambed sediments. However, the three end-member isotopic 
mixing model is unable to account for the hydrologically connected channel margin hyporheic 
zones. This adds further evidence to the arguments laid out in Section 3.3.3 that the hyporheic 
zones of the South River are being influenced by a set of Hg sources and/or fractionation 
mechanisms that are distinct from those that have been delineated for the South River channel. 
3.4 Conclusions and Future Work 
 The present study has significantly expanded on the dataset presented in Washburn et al. 
(2017) by exploring the spatial, temporal, and hydrologic controls on the Hg isotope composition 
of different sample types within the South River. Increased spatial resolution sampling in the 
reach adjacent to the former DuPont industrial facility allowed for the identification of the 
physical source, upstream streambed sediments, of the third endmember needed to explain the 
full range of Hg isotope variation observed within the South River channel. Hydrologic 
conditions were demonstrated to alter the isotopic partitioning of Hg between dissolved and 
particulate phases in surface waters. Channel margin hyporheic zone porewaters were found to 
have a significantly differing isotopic composition from surface waters, suggesting that varying 
Hg sources and processes influence Hg dynamics within these zones. Temporal excursions in 
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δ202Hg values were observed in sediments from a floodplain profile, indicating that past releases 
of Hg to the South River did not have a completely homogenous isotopic composition. This 
study has demonstrated the need for future studies utilizing Hg stable isotopes in complex 
environmental settings to account for the full range of biogeochemical conditions and potential 
source variations. 
 One area identified in this study that requires substantial future investigation is the 
dynamics of Hg within hyporheic zones. The complex and changing redox conditions and 
hydrologic gradients are likely to have a significant impact on the isotopic composition of Hg 
within hyporheic zones. The impact these hydrologically connected zones may have on Hg 
isotope dynamics within river channels has not been sufficiently explored. The use of Hg stable 
isotopes to identify and trace Hg sources in environmental systems has become widespread, 
particularly through the application of endmember mixing models. The present study has 
underscored the necessity for future studies to take a full accounting of the spatial and temporal 
variations that can affect Hg endmembers. 
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Figure 3.1 THg Longitudinal Profile 
Longitudinal profile along the South River near the former DuPont plant of THg concentration values of samples 
collected in 2016 presented on a logarithmic scale. Filtered surface water (FSW), suspended particulates associated 
with filtered surface waters (FSW Susp. Part.), filtered channel margin pore water (PW), and suspended particulates 
associated with pore waters (PW Susp. Part.) are reported in THg conc. units of ng of Hg/L of water, while 
streambed sediments (Sed) and bank soils (BS) are reported in THg conc. units of ng of Hg/g of material, dry 
weight. 
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Figure 3.2 δ202Hg Longitudinal Profile 
Longitudinal profile along the South River near the former DuPont plant of δ202Hg values (‰) of samples collected 
in 2016. Sampling locations are presented in relative river kilometers. The analytical uncertainty of Hg isotopic 
measurements (2σ) is presented based on the sample preparation method used, with bank soils, sediments, and 
suspended particulates represented as combusted samples, and filtered surface waters and filtered porewaters 
associated with the uncertainty of filtered water samples. 
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Figure 3.3 ∆199Hg Longitudinal Profile 
Longitudinal profile along the South River near the former DuPont plant of ∆199Hg values (‰) of samples collected 
in 2016. Sampling locations are presented in relative river kilometers. The analytical uncertainty of Hg isotopic 
measurements (2σ) is presented based on the sample preparation method used, with bank soils, sediments, and 
suspended particulates represented as combusted samples, and filtered surface waters and filtered porewaters 
associated with the uncertainty of filtered water samples. 
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Figure 3.4 Hg Depth Profile for RRKm 4.75 Floodplain Profile 
Profile of THg (black squares) and Hg isotopic composition (δ202Hg values with blue squares and ∆199Hg values 
with red squares) of RRKm 4.75 floodplain sediments. Samples are shown at the estimated median age for the 
sampling depth, calculated from the median sedimentation rate reported in Ref. (Pizzuto et al., 2016). Error bars on 
the THg values represent the uncertainty associated with the age model, as determined from the range of 
sedimentation rates. The period of Hg use at the former DuPont facility (1929-1950) is shown with the light red 
background. 
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Figure 3.5 End-Member Isotopic Mixing Model for Hg in the South River 
Three end-member isotopic mixing model for suspended particulates, presented as 1/THg conc. (kg material/ng of 
Hg) vs. δ202Hg values (‰). Analytical uncertainty of Hg isotopic measurements (2σ) is displayed for suspended 
particulates. The mean (±1σ) of δ202Hg values for 2014 (black square) and 2016 (blue square) streambed sediments 
are shown for reference. Grey areas represent suggested end-member ranges, and black lines (solid and dashed) are 
lines of isotopic mixing. 2014 data taken from Ref. (Washburn et al., 2017). 
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3.5 Supporting Information 
Figure 3.6 Detailed Longitudinal Profile of δ202Hg values (‰) of collected porewater 
samples  
Detailed longitudinal profile along the South River near the former DuPont plant of δ202Hg values (‰) of collected 
porewater samples. Sampling locations are presented in relative river kilometers, with samples collected from the 
right bank (downstream orientation) [RBPW] represented with open symbols, and those porewaters collected from 
the left bank [LBPW] represented with closed black symbols. Composite porewater samples that had to be 
aggregated from multiple sampling locations are represented with gray symbols, and placed at the most downstream 
sampling location. The analytical uncertainty of Hg isotopic measurements (2σ) is presented based on the sample 
preparation method used, with porewater suspended particulates represented as combusted samples, and dissolved 
phase Hg associated with the uncertainty of filtered porewater samples. 
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Figure 3.7 Plot of δ202Hg values vs. ∆199Hg values 
Plot of δ202Hg values (‰) vs. ∆199Hg values (‰). The analytical uncertainty of Hg isotopic measurements (2σ) is 
presented based on the sample preparation method used, with bank soils, sediments, and suspended particulates 
represented as combusted samples, and filtered surface waters and filtered porewaters associated with the 
uncertainty of filtered water samples. 
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Figure 3.8 Plot of ∆201Hg values vs. ∆199Hg values  
Plot of ∆201Hg values (‰) vs. ∆199Hg values (‰). The analytical uncertainty of Hg isotopic measurements (2σ) is 
presented based on the sample preparation method used, with bank soils, sediments, and suspended particulates 
represented as combusted samples, and filtered surface waters and filtered porewaters associated with the 
uncertainty of filtered water samples. Experimentally derived slopes for Hg(II) photoreduction (1.0; Berqguist and 
Blum 2007) & nuclear volume effects (1.6; Ghosh et al., 2013) as dotted and dashed black lines, respectively. A 
linear regression of all of the samples is shown as a solid black line. 
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Figure 3.9 Plot of ∆204Hg values vs. ∆200Hg values 
Plot of ∆204Hg values (‰) vs. ∆200Hg values (‰). The analytical uncertainty of Hg isotopic measurements (2σ) is 
presented based on the sample preparation method used, with bank soils, sediments, and suspended particulates 
represented as combusted samples, and filtered surface waters and filtered porewaters associated with the 
uncertainty of filtered water samples. 
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Figure 3.10 Detailed Longitudinal Profile of δ202Hg values of Bank Soils and Streambed 
Sediments  
Longitudinal profile along the South River near the former DuPont plant of δ202Hg values (‰) of bank soils 
(diamonds) and streambed sediments (squares) collected in 2016 (blue symbols) and 2014 (black symbols). 
Sampling locations are presented in relative river kilometers. 2014 data taken from Ref. (Washburn et al., 2017) 
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Figure 3.11 Detailed Longitudinal Profile of δ202Hg values of Filtered Surface Waters and 
Suspended Particulates 
Longitudinal profile along the South River near the former DuPont plant of δ202Hg values (‰) of filtered surface 
waters (open circles) and suspended particulates (open triangles) collected in 2016 (blue symbols) and 2014 (black 
symbols). Sampling locations are presented in relative river kilometers. 2014 data taken from Ref. (Washburn et al., 
2017). 
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Figure 3.12 Three End-member Isotopic Mixing Model for Suspended Particulates 
Three end-member isotopic mixing model for suspended particulates, presented as 1/THg conc. (kg material/ng of 
Hg) vs. ∆199Hg values (‰). Analytical uncertainty of Hg isotopic measurements (2σ) is displayed for suspended 
particulates. The mean (±1σ) of ∆199Hg values for 2014 (black square) and 2016 (blue square) streambed sediments 
are shown for reference. Solid black lines are lines of isotopic mixing. 2014 data taken from Ref. (Washburn et al., 
2017). 
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Table 3.1 Summary of THg Concentration and Hg Stable Isotope Data of South River 
Samples 
Summary of THg concentration and Hg stable isotope data of collected samples from the South River channel. 
Where filtered surface water or filtered porewater samples have been aggregated together to obtain a composite Hg 
isotope measurement, this has been noted with a superscript following the sample type (a,b,*,**,§). The Hg isotope 
values obtained for composite samples are presented at the most downstream location for the sample type. 
Location Sample Type THg THg log(K
d) 
δ204
Hg  
δ202
Hg  
δ201
Hg  
δ200
Hg  
δ199
Hg  
Δ204
Hg 
Δ201
Hg 
Δ200
Hg 
Δ199
Hg 
    ng/L 
ng/g 
(d.w.)   ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
Upstream 
Reference 
Site 
RRKm -
4.0 
Filtered Surface 
Water     
  NA 
Suspended Material 0.32   -1.54 -1.29 -1.19 -0.60 -0.59 0.39 -0.22 0.05 -0.26 
Streambed 
Sediment   12.93 -0.99 -0.69 -0.57 -0.31 -0.31 0.03 -0.05 0.04 -0.13 
Bulk Bank Soil   32.41 -1.54 -0.99 -0.98 -0.48 -0.41 -0.05 -0.23 0.02 -0.16 
Left Bank PW Susp. 16.26   -1.93 -1.11 -1.17 -0.60 -0.66 -0.28 -0.33 -0.04 -0.39 
Left Bank Filt. PW* 0.40   * 
RRKm -
1.1 
Filtered Surface 
Watera 0.35   
5.49 
a 
Suspended 
Materialb 0.42   b 
Streambed 
Sediment   7.77 -1.86 -1.13 -1.05 -0.54 -0.45 -0.17 -0.19 0.03 -0.16 
Bulk Bank Soil   131.76 -1.23 -0.80 -0.72 -0.38 -0.35 -0.04 -0.12 0.02 -0.15 
Center Channel PW 
Susp. 
224.6
7   -1.22 -0.83 -0.72 -0.46 -0.32 0.03 -0.09 -0.04 -0.11 
Center Channel Filt. 
PW* 0.95   * 
Right Bank PW 
Susp. 
318.5
2   -0.99 -0.66 -0.60 -0.36 -0.29 0.00 -0.10 -0.03 -0.12 
Right Bank Filt. 
PW* 1.35   * 
RRKm -
0.75 
Filtered Surface 
Watera 0.64   
5.31 
-1.42 -0.95 -0.77 -0.47 -0.21 0.00 -0.05 0.01 0.03 
Suspended 
Materialb 0.59   -1.61 -1.02 -0.73 -0.45 -0.49 -0.08 0.04 0.06 -0.23 
Streambed 
Sediment   560.20 -1.41 -0.87 -0.62 -0.43 -0.17 -0.11 0.04 0.01 0.04 
Bulk Bank Soil   13.26 -1.89 -1.44 -1.36 -0.74 -0.61 0.27 -0.28 -0.02 -0.25 
Left Bank PW Susp. 27.19   -1.11 -0.72 -0.64 -0.35 -0.28 -0.03 -0.10 0.01 -0.10 
Left Bank Filt. PW* 0.37   * 
Right Bank PW 
Susp. 
1357.
60   0.27 0.23 0.16 0.13 0.04 -0.07 -0.01 0.01 -0.02 
Right Bank Filt. 
PW* 1.89   * 
RRKm -
0.6 
Filtered Surface 
Water 0.83   
5.48 
-0.89 -0.78 -0.65 -0.27 -0.23 0.28 -0.06 0.13 -0.03 
Suspended Material 0.86   -1.24 -0.78 -1.04 -0.62 -0.55 -0.08 -0.45 -0.23 -0.35 
Streambed 
Sediment   17.04 -1.92 -1.13 -1.01 -0.48 -0.19 -0.23 -0.16 0.09 0.10 
Bulk Bank Soil   129.47 -0.96 -0.57 -0.54 -0.30 -0.24 -0.10 -0.11 -0.02 -0.10 
Left Bank PW Susp. 176.95   1.27 0.87 0.58 0.45 0.16 -0.03 -0.07 0.02 -0.06 
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Left Bank Filt. PW* 0.25   -0.34 -0.03 0.11 0.16 0.26 -0.29 0.13 0.18 0.27 
RRKm -
0.25 
Filtered Surface 
Water 0.81   
5.7 
-1.60 -0.69 -0.75 -0.47 -0.37 -0.57 -0.23 -0.12 -0.20 
Suspended Material 1.11   -0.92 -0.72 -0.48 -0.43 -0.19 0.15 0.06 -0.07 -0.01 
Streambed 
Sediment   336.09 -1.23 -0.81 -0.59 -0.39 -0.14 -0.03 0.02 0.02 0.07 
Bulk Bank Soil   917.58 -0.85 -0.63 -0.46 -0.26 -0.10 0.08 0.01 0.05 0.06 
Left Bank PW Susp. 1624.93   -0.90 -0.59 -0.43 -0.26 -0.17 -0.02 0.01 0.04 -0.02 
Left Bank Filt. PW 8.80   -1.08 -0.99 -0.64 -0.56 -0.27 0.40 0.11 -0.06 -0.02 
Right Bank PW 
Susp. 
2443.
89   -1.06 -0.71 -0.53 -0.33 -0.09 0.00 0.00 0.03 0.09 
Right Bank Filt. PW 6.63   -0.72 -0.49 -0.33 -0.24 -0.17 0.01 0.04 0.00 -0.05 
RRKm 
0.0 
Filtered Surface 
Water 0.82   
5.65 
-1.11 -0.94 -0.80 -0.63 -0.20 0.30 -0.09 -0.15 0.04 
Suspended Material 1.25   -1.33 -1.05 -0.88 -0.66 -0.27 0.23 -0.09 -0.14 -0.01 
Streambed 
Sediment   44.84 -1.90 -1.23 -0.87 -0.58 -0.15 -0.07 0.06 0.04 0.16 
Bulk Bank Soil   
62872.1
3 -0.93 -0.63 -0.56 -0.33 -0.17 0.00 -0.09 -0.02 -0.01 
Left Bank PW Susp. 627.82   -0.99 -0.66 -0.45 -0.34 -0.15 0.00 0.05 -0.01 0.02 
Left Bank Filt. PW§ 2.37   § 
Right Bank PW 
Susp. 
7940.
40   -0.37 -0.30 -0.29 -0.14 -0.06 0.08 -0.06 0.01 0.02 
Right Bank Filt. PW 6.57   -1.01 -0.51 -0.47 -0.21 -0.27 -0.25 -0.09 0.05 -0.15 
RRKm 
0.25 
Filtered Surface 
Water 0.89   
5.64 
-1.10 -0.79 -0.70 -0.51 -0.28 0.07 -0.10 -0.11 -0.09 
Suspended Material 1.28   -1.15 -0.91 -0.78 -0.49 -0.45 0.21 -0.10 -0.03 -0.22 
Streambed 
Sediment   239.19 -1.87 -1.24 -0.89 -0.62 -0.26 -0.03 0.04 0.00 0.05 
Bulk Bank Soil   NA NA 
Left Bank PW Susp. 38.23   -0.97 -0.60 -0.37 -0.31 -0.13 -0.07 0.08 -0.01 0.02 
Left Bank Filt. PW§ 1.72   -0.93 -0.35 -0.13 -0.01 0.23 -0.41 0.14 0.17 0.32 
Right Bank PW 
Susp. 
457.5
5   -0.92 -0.59 -0.44 -0.27 -0.11 -0.04 0.01 0.03 0.04 
RRKm 
0.7 
Filtered Surface 
Water 1.06   
5.64 
-1.32 -0.95 -0.68 -0.58 -0.33 0.10 0.03 -0.11 -0.10 
Suspended Material 1.40   -1.44 -0.88 -0.78 -0.55 -0.14 -0.13 -0.11 -0.11 0.08 
Streambed 
Sediment   211.24 -1.61 -1.05 -0.74 -0.49 -0.15 -0.03 0.05 0.04 0.11 
Bulk Bank Soil   6304.25 -1.46 -0.93 -0.68 -0.51 -0.22 -0.08 0.01 -0.04 0.02 
Left Bank PW Susp. 773.19   -0.78 -0.57 -0.40 -0.25 -0.07 0.08 0.03 0.04 0.08 
Left Bank Filt. 
PW** 1.79   ** 
RRKm 
1.3 
Filtered Surface 
Water 1.32   
6.04 
-1.23 -0.57 -0.50 -0.31 -0.09 -0.38 -0.07 -0.02 0.06 
Suspended Material 3.77   -1.09 -0.67 -0.52 -0.18 -0.15 -0.09 -0.02 0.16 0.02 
Streambed 
Sediment   430.45 -1.83 -1.32 -1.03 -0.71 -0.34 0.13 -0.04 -0.05 -0.01 
Bulk Bank Soil   
22587.0
4 -0.68 -0.52 -0.35 -0.26 -0.08 0.09 0.04 -0.01 0.05 
Right Bank PW 
Susp. 
458.0
0   -1.61 -1.07 -0.75 -0.53 -0.22 -0.01 0.05 0.01 0.05 
Right Bank Filt. 
PW** 2.83   -0.72 -0.23 -0.29 0.11 0.33 -0.39 -0.12 0.22 0.39 
RRKm Filtered Surface 1.51   
6.03 
-1.44 -0.85 -0.79 -0.50 -0.12 -0.17 -0.15 -0.08 0.09 
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2.2 Water 
Suspended Material 4.60   -1.26 -0.77 -0.59 -0.39 -0.12 -0.12 -0.01 -0.01 0.07 
Streambed 
Sediment   639.96 -1.86 -1.24 -0.90 -0.61 -0.26 -0.01 0.04 0.01 0.05 
Bulk Bank Soil   7937.56 -0.47 -0.28 -0.16 -0.15 -0.05 -0.05 0.05 -0.01 0.02 
Left Bank PW Susp. 1771.60   -1.25 -0.82 -0.61 -0.41 -0.12 -0.03 0.01 0.01 0.09 
Left Bank Filt. PW 5.85   -1.04 -0.60 -0.42 -0.18 -0.09 -0.15 0.03 0.13 0.06 
RRKm 
3.9 
Streambed 
Sediment   3792.25 NA -0.81 -0.56 -0.40 -0.26 -0.13 0.02 0.02 0.02 0.01 
Bulk Bank Soil   6327.90 -1.09 -0.72 -0.51 -0.33 -0.11 -0.02 0.04 0.03 0.08 
RRKm 
7.8 
Streambed 
Sediment   1541.44 NA -2.89 -1.93 -1.35 -0.92 -0.35 -0.02 0.10 0.05 0.14 
Bulk Bank Soil   
45183.7
9 -0.76 -0.47 -0.34 -0.20 -0.07 -0.07 0.01 0.04 0.05 
RRKm 
15.9 
Streambed 
Sediment   3675.76 NA -0.91 -0.57 -0.40 -0.25 -0.11 -0.07 0.03 0.04 0.03 
Bulk Bank Soil   
40336.2
9 -0.72 -0.49 -0.33 -0.21 -0.05 0.00 0.04 0.03 0.08 
RRKm 
26.4 
Streambed 
Sediment   
17748.4
6 NA -0.56 -0.44 -0.29 -0.19 -0.05 0.09 0.03 0.03 0.06 
Bulk Bank Soil   
16942.1
1 -0.69 -0.47 -0.35 -0.20 -0.04 0.02 0.00 0.03 0.08 
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Table 3.2 Summary of THg Concentration and Hg Stable Isotope Data of Standard 
Reference Materials 
Summary of THg concentration and Hg stable isotope data of Standards and Reference Materials. For SRMS's, N1 
denotes the total number of process replicates and N2 denotes the total number of isotope measurements during all 
analytical sessions. Theta denotes the standard error of the mean values for process replicates. For UM-Almaden 
(In-Run), N1 denotes the number of analytical sessions that UM-Almaden was measured, N2 denotes the number of 
isotope measurements, and theta represents the SD of Hg isotope values for individual UM-Almaden replicates. 
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g 
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σ 
      
µ
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µ
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g 
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NIST 2711 
Proc. Ref. 
1
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2
5 
6.
4
3 
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3
8 
-
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0.
0
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-
0.2
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0.
0
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0
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-
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0
2 
-
0.2
6 
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0
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-
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1 
0.
0
2 
-
0.2
0 
0.
0
3 
-
0.0
1 
0.
0
1 
-
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1 
0.
0
2 
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Proc. Ref. 
7 7     
-
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0.
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2 
-
0.7
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0.6
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0.
1
1 
-
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1
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0.
1
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0.0
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0.
1
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-
0.0
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0.
0
8 
-
0.0
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0
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-
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5 
0.
1
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UM-
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(In-Run) 
8 41     
-
0.8
7 
0.
2
2 
-
0.5
7 
0.
0
5 
-
0.4
7 
0.
1
0 
-
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0 
0.
0
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-
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0.
0
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-
0.0
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0.
1
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-
0.0
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0.
0
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-
0.0
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0.
0
5 
-
0.0
1 
0.
0
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Table 3.3 Summary of Ancillary Water Chemistry Data 
Summary of sampling locations and ancillary water chemistry data collected during sampling. 
 
Site Name 
RRK
m Date Time N Lat W Long 
Water 
Temp
. ( C) 
Diss. 
Oxyge
n 
(mg/L) 
Specific 
Conductanc
e (µS/cm) pH 
  
SR-01 -4 
5/25/1
6 
14:0
0 
38 03' 
34.9" 
78 54' 
38.7" 16.8 10.34 111.5 
8.0
1 
Lyndhurst St. Bridge -1.1 
5/26/1
6 9:00 
38 03' 
38.6" 
78 53' 
38.9" 16.4 10.21 136.8 
8.0
8 
Outfall 001 -0.75 
5/26/1
6 
15:3
0 
38 03' 
33.2" 
78 53' 
26.2" 18.6 10.1 140.7 
8.4
1 
Mid Plant 1 -0.6 
5/27/1
6 9:45 
38 03' 
36.5" 
78 53' 
18.9" 16.6 9.74 150.4 8 
Mid Plant 2 -0.25 
5/28/1
6 
11:0
0 
38 03' 
42.3" 
78 53' 
09.1" 18.1 9.88 159.8 
8.1
9 
Outfall 011 0 
5/29/1
6 9:00 
38 03' 
50.6" 
78 53' 
05.6" 17.8 9.19 167.7 
8.0
2 
Constitution Park 0.25 
5/29/1
6 
12:3
0 
38 03' 
58.4" 
78 53' 
04.1" 18.3 10.03 169.5 
8.3
6 
Broad St. Bridge 0.7 
5/31/1
6 
10:3
0 
38 04' 
10.9" 
78 53' 
06.9" 18.4 9.71 183.5 
8.2
1 
North Park Path 1.3 
5/30/1
6 
10:4
5 
38 04' 
29.9" 
78 53' 
00.8" 17.4 10.05 177.8 
8.2
9 
2nd St. Bridge 2.2 
5/30/1
6 
16:0
0 
38 04' 
45.9" 
78 52' 
29.4" 20 10.29 177.2 
8.6
6 
Hopeman Pkwy Bridge 3.9 
5/25/1
6 
10:3
0 
38 05' 
25.8" 
78 52' 
37.4" 14.9 10.18 146.1 
7.8
4 
Above Dooms Mill Dam 7.8 
5/24/1
6 
15:0
0 
38 06' 
22.5" 
78 51' 
52.6" 16.5 10.57 149.1 
8.1
2 
Crimora Park 15.9 
5/24/1
6 
11:1
5 
38 09' 
22.3" 
78 51' 
12.5" 14.8 9.97 135.8 
7.7
8 
Patterson Mill Rd 
Bridge 26.4 
5/24/1
6 8:45 
38 13' 
06.4" 
78 50' 
12.3" 14.5 9.64 133.5 7.7 
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Table 3.4 Summary of RRKm 4.75 Floodplain Profile THg concentration and Hg Stable 
Isotope Data 
Summary of THg concentration and Hg stable isotope data of collected samples from the RRKm 4.75 floodplain 
profile. 
Depth 
Range 
Age at Middle 
Depth THg 
δ204H
g  
δ202H
g  
δ201H
g  
δ200H
g  
δ199H
g  
Δ204H
g 
Δ201H
g 
Δ200H
g 
Δ199H
g 
    
µg/g 
(d.w.) ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
0 - 3 cm 2011.9 21.2 -0.68 -0.47 -0.32 -0.25 -0.10 0.02 0.03 -0.02 0.02 
3 - 6 cm 2006.7 27.2 -0.69 -0.49 -0.36 -0.26 -0.10 0.04 0.01 -0.01 0.02 
6 - 9 cm 2001.5 28.6 -0.54 -0.41 -0.29 -0.22 -0.12 0.07 0.02 -0.01 -0.01 
9 - 14 cm 1994.5 34.8 -0.19 -0.11 -0.11 -0.05 0.00 -0.03 -0.02 0.01 0.03 
14 - 17 cm 1987.5 46.1 -1.00 -0.71 -0.55 -0.38 -0.12 0.06 -0.01 -0.02 0.06 
17 - 20 cm 1982.3 75.2 -0.78 -0.51 -0.37 -0.24 -0.11 -0.01 0.01 0.02 0.02 
20 - 25 cm 1975.4 105 -0.58 -0.40 -0.28 -0.21 -0.11 0.02 0.02 -0.01 -0.01 
25 - 30 cm 1966.7 134 -0.77 -0.49 -0.35 -0.22 -0.08 -0.04 0.02 0.03 0.04 
30 - 35 cm 1958.0 147 -0.79 -0.54 -0.37 -0.23 -0.04 0.02 0.04 0.04 0.09 
35 - 40 cm 1949.3 87.5 -0.80 -0.52 -0.35 -0.21 -0.06 -0.03 0.04 0.05 0.07 
40 - 45 cm 1940.6 51.6 -0.43 -0.27 -0.13 -0.13 -0.01 -0.02 0.08 0.01 0.06 
45 - 50 cm 1931.9 20.3 -0.89 -0.58 -0.46 -0.27 -0.10 -0.02 -0.02 0.02 0.05 
50 - 55 cm 1923.2 13.7 -0.85 -0.53 -0.39 -0.28 -0.12 -0.07 0.01 -0.01 0.01 
55 - 60 cm 1914.5 5.35 -0.99 -0.63 -0.50 -0.34 -0.12 -0.05 -0.03 -0.02 0.04 
60 - 65 cm 1905.8 11.5 -0.92 -0.56 -0.41 -0.27 -0.11 -0.09 0.00 0.00 0.03 
65 - 70 cm 1897.1 1.71 -0.83 -0.55 -0.43 -0.25 -0.08 0.00 -0.01 0.03 0.06 
70 - 75 cm 1888.4 1.56 -0.64 -0.41 -0.29 -0.17 -0.04 -0.03 0.01 0.04 0.06 
75 - 80 cm 1879.7 2.17                   
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Abstract: Natural gas (NG) represents an important and rapidly growing global energy source, 
and some commercially relevant reserves of NG are reported to contain mercury (Hg) at 
concentrations between 0.01 and 5,000 µg/m3. The overall amount of Hg released to the 
atmosphere from gas production and combustion is largely unknown, but gaseous elemental Hg 
release is likely an increasing contribution to the global atmospheric Hg pool. However, no Hg 
isotopic compositions have been published for Hg entering the atmosphere from NG. In an effort 
to characterize the isotopic composition of Hg released from NG, we analyzed the stable isotopic 
compositions of mercury removal unit (MRU) catalysts that were loaded with Hg from NG 
production and supplied by Johnson Matthey Inc. We suggest that the bulk of Hg adsorbed to 
catalysts near the inlet of each MRU reactor is representative of the Hg isotopic composition of 
the NG source. In different gas fields values of δ202Hg and ∆199Hg range from -3.75‰ to -0.68‰ 
and -0.02‰ to 0.65‰, respectively. Analysis of four samples from different positions within a 
single MRU reactor demonstrates significant isotopic fractionation of a small fraction of Hg that 
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is not removed at the entrance to the MRU. We suggest that this fractionation is due to sorption 
of Hg to the catalyst surface from the gas phase, and that this process follows a Rayleigh 
fractionation model with ε ≈ -0.40‰. In total, these results suggest that Hg isotopic analysis may 
be a feasible monitoring tool for Hg emissions from NG production in some gas fields. With 
further analyses of NG from around the world, a global average isotopic composition of NG 
hosted Hg could be estimated to characterize this input to atmospheric Hg isotope models. 
4.1 Introduction 
Mercury (Hg) is a toxic trace metal whose global distribution and geochemical cycling 
have important environmental and human health implications. Anthropogenic activity has altered 
how Hg species cycle through the environment and many questions remain regarding critical 
aspects of these cycles.1 Natural gas represents an important, and growing, global energy source, 
especially in the United States where domestic reserves are abundant.2 Although largely 
undocumented, it is known that commercially relevant hydrocarbon sources contain trace levels 
of Hg, and Hg is commonly observed in natural gas at concentrations between 0.01 and 5,000 
µg/m3.3 Hg concentrations in natural gas have been shown to vary by more than 3 orders of 
magnitude at both the basin level and within a single gas field.4 However, the geologic origin of 
Hg in natural gas is not well known, with both thermal maturation of source rocks and 
hydrothermal origins proposed.4,5 Release of gaseous mercury (Hg0) to the atmosphere from gas 
production is a largely unknown input to the global Hg cycle, and further research into the fate of 
Hg from natural gas is needed to better constrain and mitigate the potential human health and 
environmental impacts of this expanding energy sector. Hg0 found in the production gas stream 
threatens natural gas processing and distribution systems by amalgamating with, and weakening, 
aluminum components.6 Over time, this amalgamation can cause corrosion and failure of critical 
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components and this presents a threat to both human health and infrastructure. The natural gas 
industry has in some instances identified the need to remove Hg from gas prior to its entry into 
gas processing facilities to assure safe plant operation. As a result of these factors, suppliers at 
gas fields with particularly high Hg have developed mercury removal units (MRU’s) using 
pelletized catalysts. These are generally composed of inorganic metal sulfides suspended in a 
large fixed-bed reactor chamber through which the gas stream is passed.7,8 Although MRU’s 
remove the majority of Hg species from the gas within the first few meters of the fixed-bed 
reactor (typical MRU performance results in total Hg (THg) of <10 ng Hg/m3 in gas streams and 
<1.0 ng Hg/g in liquid streams), environmentally appreciable amounts of Hg can still be emitted 
due to the vast quantities of gas processed at some facilities. In addition, many gas fields do not 
utilize Hg removal technologies. Although seldom measured and not regulated, release of Hg 
from NG to the atmosphere could also have important environmental impacts, particularly at the 
local scale. Most studies of Hg emissions have concluded that emissions of Hg from NG are a 
negligible contributor to the global atmospheric Hg cycle.9 However, previous studies conducted 
near NG processing facilities have demonstrated local increases in ambient air Hg concentrations 
related to processing activities,10 and these elevated local events have been shown to correlate 
with Hg content of co-located bioindicators such as epiphytic lichens.11 Release of Hg from NG 
consumption by residential consumers could also pose a human health risk – if NG THg exceeds 
~1000 µg/m3, residential indoor air could exceed the WHO guideline of 1 µg/m3 based on 
average gas consumption (~5.0m3/day) and US home sizes in 2010 (~201.5 m2).12-14  
Recent advances in analytical techniques now allow the accurate measurement of stable 
isotope ratios of Hg in a wide variety of media and environmental samples. Previous work has 
shown that mass-dependent fractionation (MDF) and mass-independent fractionation (MIF) of 
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Hg isotopes can be used to determine sources, sinks, and biogeochemical reaction pathways as 
Hg moves through the environment.15,16 Hg isotopes provide a useful new tool to enhance 
understanding of complex systems involving Hg because specific chemical mechanisms result in 
MDF and MIF. A number of recent studies have shown that stable Hg isotope ratios can be used 
to identify the sources, transformations, and fate of hydrocarbon fuel sources other than natural 
gas. Recently, it has been demonstrated that coal from varying geographic sources may contain 
diagnostic Hg isotopic “fingerprints”.17,18 Research has shown that Hg isotopic signatures of 
precipitation downwind from coal-fired utility boilers in Florida were distinct from background 
Hg isotopic compositions.19 The isotopic composition of anthropogenic Hg emissions has also 
been detected in bioindicators such as epiphytic lichens and deciduous tree leaves which are 
subject to atmospheric deposition of the emitted Hg species.20-22 Previous studies have also 
shown that Hg emissions from natural gas treatment facilities can be detectable in the Hg 
concentrations in nearby biota,11 and unconventional natural gas extraction (“fracking”) in 
Northwestern Pennsylvania led to increased THg in stream water affected by extraction 
operations.23 The environmental impact of the Hg emissions from natural gas production and 
associated processing facilities may be similarly traceable with Hg isotopic analysis of a wide 
variety of media (e.g. precipitation, surface waters, and vegetation) if Hg sourced from natural 
gas deposits has a unique isotopic signature or if the transport and refinement processes modify 
the isotopic signature of NG associated Hg in a characteristic manner. 
In an effort to better understand Hg dynamics within NG production, we have analyzed 
content and stable isotope compositions of THg captured by MRU catalysts. These catalysts, 
sold commercially under the trade name PURASPEC and provided by Johnson Matthey Inc., 
were used in a number of production facilities that processed NG sourced from globally 
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distributed gas fields, including Malaysia, the North Sea, Brazil, Australia, Northern Europe, and 
Southeast Asia. This wide geographic distribution allows assessment of the variation in Hg 
isotopic composition of NG and projections about the potential impacts of NG production on the 
global Hg cycle. Analysis of samples obtained from reservoirs containing NG originating from 
geologically and geographically distinct sources may lead to the development of a NG Hg 
isotopic “fingerprint,” similar to that developed for world coal deposits.18  
4.2 Materials and Methods 
4.2.1 Sample Collection and Processing 
 Catalyst samples were collected from MRU’s operated at gas processing facilities in each 
of the following locations: Australia, Northern Europe, the North Sea, Brazil, Malaysia, and 
Southeast Asia. Due to the proprietary nature of these catalyst samples and the natural gas 
production industry, we were unable to obtain information regarding the exact locations of the 
natural gas deposits that were the source of the natural gas processed by the facilities that housed 
these MRU’s. We also do not know if the MRU’s analyzed in this study processed gas from the 
same wellheads throughout their period of operation. Hg concentrations have been demonstrated 
to vary significantly for different gas reservoirs even within the same geologic basin,4 so the Hg 
isotopic analyses presented here must be interpreted at a broad scale. Despite this lack of detailed 
information about the potential geologic sources of the natural gas, there is significant 
information to be gained from this sample set given the lack of information available in the 
literature about Hg in natural gas. 
 Catalyst samples were collected from MRU reactors that had been discharged. The 
discharge process involved using a vacuum nozzle to carefully remove layers of catalysts from 
the reactor beds. Bulk sample grabs were collected from the drums into which the spent catalysts 
 121 
were sequentially distributed from a discharged MRU reactor. The relative bed location (given as 
“% through reactor bed” throughout the manuscript) within the MRU reactor for each catalyst 
sample was estimated from known bed volumes based on the volume of catalyst discharged. For 
this study, samples are presented with a standardized nomenclature of 
“Region_R#reactor_#sample”, with the region of NG origin, the number of the sampled reactor 
for a region, and then a sample number, with lower numbered samples being closer to the inlet of 
the reactor units. Samples that are described as “inlet” samples are from 0 to 10% of the distance 
through a reactor bed with no available catalyst samples preceding them, while “downstream” 
samples are those from positions 10 to 100% through the reactor bed. 
4.2.2 Sample Preparation for Isotope Analysis and THg Analysis 
Given the high Hg concentrations found in catalyst samples (Table 4.1), it was necessary 
to “dilute” the samples prior to analysis to reduce weighing errors and avoid contamination of 
analytical equipment. Approximately 1.0g of each catalyst sample was pulverized with an acid 
cleaned glass mortar and pestle. Then ~1.0mg of catalyst powder was added to ~5.0g of alumina 
powder and thoroughly mixed in an acid cleaned 40mL ICHEM glass vial. Alumina was heated 
to 750 ºC for 6 hours and then cooled before use to reduce the Hg blank to undetectable levels. A 
subset of catalyst samples were ground and diluted in duplicate or triplicate to evaluate the 
reproducibility of the dilution method.  
Hg in catalyst powder dilutions was separated for THg concentration analysis and Hg 
stable isotope measurement by offline combustion, as described in detail elsewhere.17,24 Briefly, 
0.01 to 1.00 g of the diluted samples was packed into a ceramic boat and placed into the first 
stage of a two-furnace combustion system. The first-stage furnace was slowly ramped to 750 ºC 
over a six hour period while the second-stage furnace was held at 1000 ºC. Hg released from the 
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sample matrix was carried through the combustion tube in a flow of Hg-free O2 and into a 1% 
KMnO4 trapping solution. Sample powder dilution replicates were found to have replicable THg 
values, with THg variations between samples of less than 0.94% relative standard error (RSE) 
(average % RSE = 0.22%, n= 10 replicates) (Table 4.3). 
Trapping solutions of combustion samples were partially reduced with a 30% solution of 
NH2OH·HCl, using an amount equal to 2% of the total sample by weight (w/w) and a small 
aliquot was taken and measured for THg by CV-AAS (MA-2000, Nippon Instruments). Hg in 
combustion traps was then purged into a secondary 1% KMnO4 trapping solution to remove 
potential matrix components from combustion residues and to match Hg concentrations to 
standard solutions prior to isotopic analysis.25,26 Hg recovery during this transfer into secondary 
1% KMnO4 trapping solution was evaluated by taking small aliquots of the secondary trapping 
solutions and analyzing the THg via CV-AAS. Hg recoveries for this process ranged from 73.9% 
to 107.6% with an average of 95.8±8.1% (1SD, n=43, only 2 samples below 85% recovery).  
4.2.3 Hg Isotope Analysis 
The Hg isotopic composition of the secondary trapping solution was measured by cold 
vapor multi-collector inductively couple plasma mass spectrometry (CV-MC-ICP-MS, Nu 
Plasma, Nu Instruments). Secondary trapping solutions were partially reduced with aliquots of a 
30% solution of NH2OH·HCl at 2% of the total sample by weight and diluted with a similarly 
reduced 1%KMnO4 solution to between 1.6 and 5.0 ng/g. Hg was reduced online to Hg0 by the 
addition of 2% (w/w) SnCl2 and separated from solution using a frosted tip gas-liquid 
separator.27 Hg0 was then carried into the MC-ICP-MS inlet by an Ar gas stream. An internal Tl 
standard (NIST 997) was introduced as a dry aerosol into the Ar gas stream and used to correct 
for instrumental mass bias. Strict sample-standard bracketing with a solution of NIST 3133 that 
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was matched for both concentration and solution matrix was further used for mass bias 
correction.28 Mercury stable isotope compositions are reported in permil (‰) using delta notation 
(δxxxHg) relative to NIST Standard Reference Material (SRM) 3133 (Eq. 1), with mass 
dependent fractionation based on the 202Hg/198Hg ratio (δ202Hg).28 Mass independent 
fractionation is reported as the deviation from the theoretically predicted δxxxHg values based on 
the kinetic mass fractionation law and is reported with capital delta notation (∆xxxHg) according 
to Eq. 2.  In this study MIF is represented as ∆199Hg, ∆200Hg, ∆201Hg, and ∆204Hg, using β = 
0.252, β = 0.502, β = 0.752, and β = 1.493, respectively.28 
Equation 1: δxxxHg (‰) = ([(xxxHg/198Hg)Sample / (xxxHg/198Hg)NIST3133] – 1) × 1000 
Equation 2: ΔxxxHg (‰) = δxxxHg – (δ202Hg × β) 
Procedural blanks and SRMs (NIST 2711, Montana Soil) were processed in parallel with 
samples and THg and Hg isotopic composition were determined. Offline combustion procedural 
blanks yielded between 57.6 and 508 pg of Hg (n=5, mean = 235±194pg), representing less than 
2.8% of Hg in sample combustion trap solutions. The THg of NIST 2711 measured by offline 
combustion agreed within 5% of certified values (6.04±0.30µg/g, n=5; Table 4.2), and recoveries 
during secondary trapping were 100.1±1.86% (1SD, n=5, min=97.0 %). The Hg isotopic 
composition of NIST 2711 was consistent with previously reported values (Table 4.2).26, 29-32 The 
long-term analytical uncertainty of Hg isotope measurements was estimated from the standard 
deviation (2SD) of the analytical session mean Hg isotopic composition of the UM-Almadén 
secondary standard. External reproducibility of Hg isotope measurements was estimated from 
measurements of the standard error (2SE) of the mean isotopic composition NIST 2711 
replicates. The analytical uncertainty associated with NIST 2711 was lower than the uncertainty 
associated with the UM-Almadén standard for δ202Hg and ∆200Hg, but higher for ∆199Hg and 
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∆201Hg (Table 4.2). We therefore represent the uncertainty of Hg isotope measurements of 
combusted catalyst samples in this study as whichever uncertainty is greatest: ±0.07‰ for 
δ202Hg, ±0.07‰ for ∆199Hg, ±0.07‰ for ∆201Hg and ±0.06‰ for ∆200Hg. Sample powder 
dilution replicates were found to have replicable Hg isotopic compositions, with RSE of Hg 
isotope values averaging 0.13‰ for δ202Hg, 0.02‰ for ∆199Hg, and 0.01‰ for ∆201Hg. 
4.3 Results and Discussion 
4.3.1 Mercury Dynamics within Mercury Removal Units 
 Catalyst inlet samples, as well as catalyst samples as a whole, do not exhibit a significant 
trend in either δ202Hg or ∆199Hg values versus THg (Figure 4.5; Table 4.1). Ancillary parameters 
available regarding the operating conditions within the MRU reactor beds including temperature, 
pressure, and period in duty (Table 4.4) also do not show significant trends versus δ202Hg or 
∆199Hg values of the catalyst samples. The lack of trends with these parameters suggests that 
reactor conditions do not affect the isotopic composition of the catalyst inlet samples, and the 
measured Hg isotopic variability observed in these catalyst samples is representative of the NG 
input to the reactor beds. 
To investigate the Hg dynamics occurring within a single MRU reactor, a subset of 
samples were analyzed (“SE Asia_R5_#1 - #4”) that came from a number of positions within a 
single MRU reactor at a NG facility in SE Asia. The THg values of these samples (Figure 4.2; 
Table 4.1) decreases dramatically from inlet to outlet (28.2 mg/g to 1.50 µg/g, respectively), with 
SE Asia_R5_#4 and SE Asia_R5_#3 having THg (1.50 µg/g and 1.00 µg/g, respectively) that are 
not significantly elevated above the THg value of the catalyst blank (0.96 µg/g). Given the 
significant decrease in THg from inlet to outlet samples observed for all of the analyzed catalyst 
samples, a significant portion (>95%) of the mass of the Hg stored within a reactor must be 
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sorbed to the catalyst near the inlet. Considering that such a large portion of the Hg captured by 
these MRU’s is associated with these inlet or near-inlet catalysts, we can make the assumption 
that the Hg isotopic composition of inlet samples are representative of the Hg isotopic 
composition of the bulk NG that is processed in a given reactor. For our calculated fractionation 
factor for the sorption reaction (discussed below), due to mass balance considerations no 
significant change in isotopic composition (>0.10‰) from the bulk NG Hg value should be 
observed in catalyst samples at the reactor inlet unless >20% of the Hg is sorbed downstream of 
the inlet, which is not the case in any of the inlet and downstream catalyst samples from the same 
reactor (referred to as “paired” samples throughout) analyzed in this study. As MRU reactors are 
in continuous operation for a significant length of time (a minimum of 7 months for the reactors 
in this study), the potential to have an altered isotopic composition due to MDF associated with a 
kinetic sorption reaction is limited. Rather, the catalysts integrate the Hg isotopic composition of 
the NG over the period of duty, as the sorption capacity of the catalysts is much greater than the 
Hg load in the NG stream. 
Accompanying this shift in THg values along the MRU reactor bed profile are shifts in 
both the δ202Hg and ∆199Hg values of the catalysts (Figure 4.2; Table 4.1), demonstrating 
significant fractionation of the small fraction of Hg that is not removed at the entrance to the 
MRU reactor. SE Asia_R5_#4 and SE Asia_R5_#3, the two catalyst samples closest to the outlet 
of the reactor bed, have δ202Hg values (-0.27±0.07‰ and 0.21±0.07‰, respectively) that vary 
only slightly from the δ202Hg value of the catalyst blank (0.01±0.07‰). Given that these samples 
have only slightly elevated THg compared to the catalyst blank, it seems reasonable that they 
would not exhibit much variation in their isotopic composition. The two samples located near the 
inlet of the reactor bed, SE Asia_R5_#2 and SE Asia_R5_#1, exhibit greater variation in their 
 126 
δ202Hg values (0.76±0.07‰ and -1.60±0.07‰, respectively). Assuming that the Hg isotopic 
composition of SE Asia_R5_#1 (0% through the reactor bed) is representative of the bulk Hg 
isotopic composition within the natural gas source for this reactor, this represents a greater than 
2.0‰ shift in the isotopic composition within the MRU. Since the vast majority (>99%) of Hg in 
NG is in the form of Hg0,33 it seems unlikely that this isotopic shift could be related to the 
sequential capture of different Hg species with varied isotopic compositions.  
We suggest instead that this isotopic shift is related to a fractionation mechanism 
associated with the sorption of Hg0 (or the oxidation of Hg0 and subsequent sorption of Hg2+) to 
the catalyst surface from the gas phase. We propose that within the reactor this sorption process 
follows a Rayleigh distillation style fractionation with a fractionation factor, εsorbed-gas ≈ -0.40‰ 
[ε was chosen to fit the data within the SE Asia_R5 reactor, with εsorbed-gas= δ202Hgsorbed - 
δ202Hggas], similar to the εsorbed-dissolved magnitude previously proposed for aqueous Hg2+ sorption 
(Figure 4.3).34,35 Although no experimental work has been done on the isotopic fractionation that 
occurs during elemental Hg sorption in the gas phase, it seems logical that lighter isotopes would 
be preferentially sorbed, similar to aqueous Hg sorption. As Hg0 is removed from the natural gas 
stream due to sorption to the high affinity binding surfaces of the catalysts, the remaining pool of 
Hg0 within the natural gas stream becomes depleted in the lighter isotopes, resulting in a 
relatively more positive δ202Hg value. It should be noted that from the current study it is not 
possible to infer whether this fractionation is related to the chemical sorption process, or a 
change in Hg speciation prior to the sorption reaction. This pattern of catalyst samples at 
downstream reactor positions having positive δ202Hg values relative to inlet samples holds for all 
of the paired catalyst samples we analyzed, with the exception of Malaysia_R1_#1 & #2. The 
ancillary information about the operation of this particular MRU (see Table 4.4) does not suggest 
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that unusual operating conditions caused this anomaly. Sample Malaysia_R1_#2’s is positioned 
40% of the way through the reactor and the THg of this sample is still highly elevated relative to 
Malaysia_R1_#1 (8.41 and 28.9 mg/g, respectively). This situation may be representative of 
complete saturation of the catalyst samples near the inlet of this reactor, with the active reaction 
of catalyst sorption migrating through the reactor vessel bed. 
  The ∆199Hg values of the SE Asia_R5_#1-#4 catalyst samples decrease from inlet 
(0.25‰±0.07‰) to outlet (0.08‰±0.07‰), with all of the downstream samples being within 
analytical uncertainty of the catalyst blank (0.14±0.07‰), which suggests that during the 
sorption process near MRU inlets the MIF signature of Hg within NG is being retained (Figure 
4.2). This pattern is consistent with the trends observed for the δ202Hg values in this particular 
reactor. However, the ∆199Hg values of reactor paired catalyst samples are variable, with some 
pairs showing significant positive ∆199Hg shifts from inlet to downstream (Malaysia_R1_#1 & 
#2, Brazil_R1_#1 & #2), some showing positive but not significant ∆199Hg shifts (North 
Sea_R1_#1 & #2, Australia_R1_#1 & #2), and others showing negative but not significant 
∆199Hg shifts (Malaysia_R2_#1 & #2). Positive ∆199Hg shifts from inlet to downstream would be 
consistent with the sorption process inducing small amounts of MIF related to nuclear volume 
effects, as would be predicted based on observations from previous experimental work.35,36 There 
is no evidence to suggest that the sorption process would vary between these reactors, so there is 
no reason to suspect that varying reactions (e.g. varying amounts of NVE-associated MIF) would 
be occurring within different reactors leading to varying ∆199Hg shifts from inlet to downstream 
catalyst samples. One potential explanation for the observed variation ∆199Hg shifts within the 
MRU reactors would be a switch to a NG source with a differing Hg isotopic composition near 
the end of the period of duty for that reactor. This could create a situation where catalysts at 
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downstream locations were capturing the differing ∆199Hg value of this new NG source, creating 
the appearance of a ∆199Hg shift from the bulk Hg captured by the inlet catalysts. Alternatively, 
different production batches of catalysts could have varying ∆199Hg signatures associated with 
the Hg in the raw materials, which would alter the “blank” ∆199Hg value that we would expect to 
find in downstream catalyst samples. At this time we do not have enough information to provide 
an explanation for the lack of a clear trend in ∆199Hg values within the reactors examined in this 
study. 
4.3.2 Mercury Isotopic Variation of Natural Gas 
The catalyst samples analyzed in this study had a wide range of δ202Hg values (-3.75 to 
0.76‰) and a narrower but still large range of ∆199Hg values (-0.08 to 0.63‰). Inlet catalyst 
samples (n=7), assumed to be representative of the NG source isotopic composition, had a 
somewhat smaller range of δ202Hg values (-3.75 to -0.68‰) and ∆199Hg values (-0.02 to 0.63‰) 
(Figure 4.1). Even though we have a relatively small sample size and limited geographic 
distribution of samples, we observe a large amount of isotopic variation. For comparison, a 
recent review reported that the range of values for all measured coal deposits worldwide (n=216) 
was of the same magnitude (δ202Hg values of -3.90 to 0.77‰, average = -1.16 ± 0.79‰ [1SD] 
and ∆199Hg values of -0.63 to 0.34‰, average = -0.11 ± 0.18‰ [1SD]) as observed in this study 
of NG (Figure 4.1).18 The range of values for NG samples was larger than that reported for 
marine sediments and high carbon-content shale rocks (e.g. black shales) (δ202Hg values of -2.97 
to -0.38‰, average = -1.51 ± 0.73‰ [1SD] and ∆199Hg values of -0.09 to 0.45‰, average = 0.10 
± 0.11‰ [1SD]), the modern analogues of the source material for the hydrocarbon reservoirs 
(Figure 3.1).16,53,54,55 The range of isotopic values reported for hydrothermal precipitates (δ202Hg 
values of -3.42 to 1.20‰, average = -0.39 ± 0.91‰ [1SD] and ∆199Hg values of -0.30 to 0.27‰, 
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average = -0.07 ± 0.11‰ [1SD]), is of a similar magnitude as observed for NG samples in this 
study.16,56  
In addition to the large range in the isotopic composition of Hg in NG at a global scale, 
there are also variations in the Hg isotopic composition of NG at a regional scale. The four inlet 
catalyst samples collected from MRU’s in operation in SE Asia have a δ202Hg range of -2.57 to -
0.68‰ and ∆199Hg values of -0.02 to 0.11‰. Some of this variability may be related to the 
depositional environment of the source rocks that drives the heterogeneity in NG reservoir THg 
that is observed in some locations.4 Alternatively, this variability in Hg isotopic composition 
could be the result of mixing at the processing facility of NG sourced from production wells with 
differing Hg isotopic compositions, integrating the isotopic composition over the period of duty 
for the MRU. Hg in coal has been documented to have similar levels of variability at the basin 
level. For example Illinois Basin coals exhibit a δ202Hg range of -2.68 to -0.75 and ∆199Hg values 
of -0.23 to 0.03‰.37 The variability observed in Illinois Basin coals was attributed to changes in 
depositional conditions, and incorporation of epigenetic Hg related to hydrothermal solutions. A 
similar explanation could explain the isotopic variation observed in NG, but drawing any firm 
conclusions is beyond the scope of this work. 
The large magnitude of variation in the isotopic composition of NG at both the global and 
regional scale would allow for the discrimination of Hg emissions from those production 
facilities to the local environment that differ isotopically from the global Hg0 pool. The global 
Hg0 pool, with an average isotopic composition of δ202Hg = 0.22 ± 0.52‰ [1SD], ∆199Hg = -
0.15±0.09‰ [1SD] and ∆201Hg = -0.14±0.09‰ (data compiled from 24,38-42 for TGM 
measurements from remote sites) has, on average, a relatively more positive δ202Hg value and 
significantly more negative ∆199Hg and ∆201Hg values than the NG catalysts we measured 
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(Figure 4.4). The contrast between global Hg0 background and NG isotopic compositions, 
particularly in regard to odd MIF signatures, would allow for the discrimination of the impacts of 
these two endmembers near emissions sources, similar to the previously demonstrated ability to 
discriminate the impact of Hg emissions related to coal combustion near coal fired utility 
boilers.14,40,43 This statement carries the caveat that the catalysts measured in this study may not 
represent the true isotopic composition of the Hg emitted to the atmosphere from NG processing 
facilities that employ Hg removal technology and NG combustion, due to the potential 
fractionation that these industrial processes could induce. Fractionation related to natural gas 
processing is likely to only affect the MDF signatures of emitted Hg,44,45 which would still allow 
for source determination based on distinct MIF signatures. However, future work on Hg 
emissions related to NG would need to carefully account for both the long-term Hg isotope 
composition related to NG processes and the regional background TGM isotopic composition to 
determine the feasibility of tracer studies. 
4.3.3 Comparison of Mass Independent Fractionation of Hg in Natural Gas to other Hg 
Reservoirs 
The presence of significant MIF signatures in NG samples allows for both an isotopic 
“fingerprinting” that may aid in tracing emissions sources and the comparison to other natural 
Hg reservoirs, which may point towards the origin of Hg in NG. The catalyst inlet samples from 
this study (unaffected by fractionation within the MRU reactor) had positive odd MIF (∆199Hg 
range -0.02‰ to 0.65‰, average = 0.15±0.23‰ [1SD], ∆201Hg range -0.13‰ to 0.37‰, average 
= 0.05±0.17‰ [1SD]) and negligible even MIF, with most values within error of 0.0‰ (∆200Hg 
range 0.01‰ to 0.11‰, average = 0.04±0.04‰ [1SD]) (Figure 4.4, Table 4.1). The lack of any 
significant even-MIF signature (∆200Hg) provides an additional fingerprint to distinguish NG-
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production related emissions from background atmospheric Hg, as atmospheric TGM has a 
characteristic slight negative ∆200Hg signature (-0.04±0.04‰ [average±1SD]; data compiled 
from 24,38-42 for TGM measurements from remote sites). 
With the exception of coal, there have been a very limited number of reported Hg isotope 
measurements of fossil fuels or hydrocarbon source materials. Blum et al. (2012) measured the 
Hg isotopic composition of a small number of oil sand samples from the Athabasca oil sands 
region of Alberta, Canada. Unlike NG, the oil sands samples have significant negative odd MIF 
signatures (∆199Hg = -0.22±0.16‰, ∆201Hg = -0.23±0.13‰ [average±1SD]) (Figure 4).21 Most of 
the potential Hg sources to NG reservoirs that have been previously measured, such as organic 
rich marine sediments and black shales, have odd MIF signatures clustered near 0.0‰ to slightly 
positive values. The exception is hydrothermal fluids and sinters, which have a slightly positive 
odd MIF signature (∆199Hg = 0.12±0.07‰, ∆201Hg = 0.07±0.05‰ [average±1SD]),46 although 
hydrothermal precipitates on average have ∆199Hg values clustered near 0.00‰ (average = -0.07 
± 0.11‰ [1SD])16,56. Previous work on marine sediments from the geologic record have 
suggested that differing marine depostional environments can record varying Hg isotope 
signatures during increased atmospheric Hg loading due to volcanic activity.47,48 Due to the 
complexities of determining the Hg isotope compositions associated with the depositional 
environments from which NG reservoirs may have formed, as well as the potential for isotopic 
overprinting related to epigenetic Hg (originating from hydrothermal or volcanic activity), it is 
not possible to draw any conclusions on the origins of Hg in NG from our sample set. 
Significantly more work is needed to define the range in isotopic composition of Hg in NG, 
including direct measurements of raw gas. Additional measurements are also needed to 
characterize the isotopic composition of Hg in modern depositional environments analogous to 
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those thought to produce hydrocarbon reservoirs, as well as Hg from potential epigenetic Hg 
sources such as volcanic emissions and hydrothermal systems. 
4.4 Conclusions and Implications for Future Work 
On a global scale the isotopic composition of Hg in NG has a significant range of values 
(δ202Hg= -3.75 to -0.68‰ and ∆199Hg = -0.09 to 0.65‰). There is also significant isotopic 
variation across reservoirs from the same region (SE Asia) (δ202Hg= -2.57 to -0.68‰ and ∆199Hg 
= -0.02 to 0.25‰). These results suggest that with further sample analysis, particularly direct 
measurements of Hg within NG, Hg isotopic analysis may be a feasible monitoring tool for Hg 
emissions from NG production in some gas fields. Previous work has demonstrated the utility of 
Hg isotope measurements as source tracers of atmospheric Hg in local and regional 
environments,19-22, 40 and it has been suggested that with further efforts, Hg isotope 
measurements might aid in constraining different source contributions to the global atmospheric 
Hg cycle.49,50 With further analyses of NG from around the world, a global average Hg isotopic 
composition of natural gas and associated emissions could be estimated to characterize this input 
to atmospheric Hg isotope models. 
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Table 4.1 Summary of THg values and Hg stable isotope data of catalyst samples 
For duplicated samples, Hg stable isotope values represent an average of duplicate measurements. 
Sample  Name Duplicate Reactor Bed Position THg δ
204Hg  δ202Hg  δ201Hg  δ200Hg  δ199Hg  Δ204Hg Δ201Hg Δ200Hg Δ199Hg 
  n % mg/g  ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
Australia_R1_#1 1 5 18.5 -5.61 -3.75 -2.81 -1.86 -0.85 -0.02 0.02 0.03 0.10 
Australia_R1_#2 2 60 0.20 -5.02 -3.37 -2.42 -1.65 -0.63 0.00 0.11 0.04 0.22 
Brazil_R1_#1 1 0 32.6 -3.53 -2.31 -1.83 -1.15 -0.53 -0.08 -0.09 0.01 0.05 
Brazil_R1_#2 1 15 0.42 -1.60 -1.06 -0.61 -0.51 0.10 -0.01 0.19 0.02 0.37 
Malaysia_R1_#1 1 0 28.9 -2.34 -1.58 -1.21 -0.76 -0.40 0.02 -0.02 0.03 0.00 
Malaysia_R1_#2 1 40 8.41 -4.45 -3.01 -2.13 -1.46 -0.51 0.03 0.13 0.05 0.25 
Malaysia_R2_#1 1 0 1.65 -1.04 -0.68 -0.65 -0.33 -0.19 -0.02 -0.13 0.01 -0.02 
Malaysia_R2_#2 1 30 3.87 0.61 0.47 0.21 0.26 0.04 -0.09 -0.15 0.02 -0.08 
North Sea_R1_#1 1 10 89.8 -2.91 -1.88 -1.35 -0.93 -0.44 -0.10 0.06 0.01 0.04 
North Sea_R1_#2 1 30 30.5 -0.98 -0.64 -0.43 -0.27 0.01 -0.02 0.06 0.05 0.17 
Northern 
Europe_R1_#1 2 0 2.65 -4.98 -3.28 -2.10 -1.54 -0.20 -0.08 0.37 0.11 0.63 
SE Asia_R1_#1 2 60 12.9 -3.58 -2.39 -1.71 -1.18 -0.42 -0.02 0.09 0.02 0.18 
SE Asia_R2_#1 2 60 38.1 -2.39 -1.54 -1.19 -0.79 -0.31 -0.10 -0.04 -0.02 0.08 
SE Asia_R3_#1 2 10 5.66 -3.87 -2.57 -1.98 -1.26 -0.57 -0.03 -0.05 0.03 0.08 
SE Asia_R4_#1 3 80 0.18 -0.62 -0.33 -0.05 -0.10 0.26 -0.13 0.20 0.07 0.34 
SE Asia_R5_#1 3 0 28.2 -2.31 -1.60 -1.09 -0.74 -0.16 0.08 0.11 0.07 0.25 
SE Asia_R5_#2 3 26 0.11 1.10 0.76 0.61 0.41 0.33 -0.04 0.03 0.03 0.14 
SE Asia_R5_#3 1 78 0.001 0.37 0.21 0.25 0.15 0.21 0.06 0.09 0.05 0.16 
SE Asia_R5_#4 3 100 0.001 -0.31 -0.27 -0.17 -0.10 0.02 0.09 0.03 0.03 0.08 
Catalyst Blank 2 NA 0.001 0.01 0.01 0.06 0.06 0.15 -0.01 0.05 0.05 0.14 
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Table 4.2 Summary of THg and Hg stable isotope data of Standards and Reference 
Materials  
For NIST 2711, N1 denotes the total number of process replicates and N2 denotes the total number of isotope 
measurements during all analytical sessions. Sigma denotes the standard error of the mean values for process 
replicates. For UM-Almaden, N1 denotes the number of isotope measurements, N2 denotes the number of analytical 
sessions that UM Almaden was measured and sigma represents the standard deviation of Hg isotope values. 
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Figure 4.1 Plot of δ202Hg vs. ∆199Hg values for MRU catalysts 
Plot of δ202Hg vs. ∆199Hg values for MRU catalysts, divided into inlet (solid green squares) and downstream (open 
green squares) samples. The analytical uncertainty (2σ) associated with the samples is shown. For comparison, the 
average values (circles) and ranges (boxes) observed for coal (grey hashmarked)18, marine sediments and black 
shales (blue hashmarked)16,53,54,55 , and hydrothermal precipitates (red hashmarked) 16,56  are also plotted. 
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Figure 4.2 Plot of relative reactor position vs. THg and isotope values for SE Asia_R5 
reactor 
Plot of relative reactor position (% distance through reactor bed) vs. THg (logarithmic scale) (black squares), δ202Hg 
values (red diamonds), and ∆199Hg values (blue circles) for the SE Asia_R5_#1 - #4 reactor samples, as well as the 
blank catalyst sample (grey symbols; as determined from unused catalyst material). Analytical uncertainty for 
δ202Hg values (red diamonds) is smaller than the symbols, and the black error bars represent the analytical 
uncertainty for ∆199Hg values (±0.07‰). 
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Figure 4.3 Rayleigh fractionation plot for the proposed sorption reaction of Hg to the 
catalysts 
Rayleigh fractionation plot (fraction of the product remaining vs. δ202Hg values) for the proposed sorption reaction 
of Hg to the catalysts. Hg entrained within the NG stream is assumed to be the reactant, with Hg sorbed to the 
catalysts the product, with the ε of this sorption reaction set at ε= -0.44‰. The starting reactant isotopic composition 
was set as the δ202Hg value of SE Asia_R5_#1 (-1.60‰) [dark grey square], with SE Asia_R5_#2 also plotted [light 
grey square]. The δ202Hg values of the instantaneous reactant [red line] and cumulative product [blue line] are 
shown. Analytical uncertainty for δ202Hg values of catalyst samples is smaller than the symbols 
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Figure 4.4 Plot of ∆201Hg vs. ∆199Hg values for NG catalyst inlet samples vs potential Hg 
sources 
Plot of ∆201Hg vs. ∆199Hg values for NG catalyst inlet samples (green squares), other hydrocarbon source rocks, and 
potential Hg sources to NG. Athabasca oil sands (light green triangles) data taken from (Ref. 21). Hydrothermal 
fluids, sinters, and minerals (lavender diamonds) taken from (Ref. 46, 56). Marine sediments (orange circles) are 
unimpacted by anthropogenic activity, taken from (Ref. 51, 55). Sapropels and black shales (red circles) taken from 
(Ref. 52-54). Atmospheric GEM (gray x’s) data from sites determined to be unimpacted by anthropogenic 
emissions, taken from (Ref. 24, 38-42). 
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4.5 Supporting Information 
Table 4.3 Summary of THg and Hg stable isotope data of catalyst duplicate samples. 
 
Sample Name THg δ204Hg  δ202Hg  δ201Hg  δ200Hg  δ199Hg  Δ204Hg Δ201Hg Δ200Hg Δ199Hg 
  mg/g  ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ ‰ 
Australia_R1_#2 0.20 -4.90 -3.29 -2.36 -1.60 -0.61 0.01 0.11 0.05 0.22 
Australia_R1_#2 0.20 -5.14 -3.44 -2.48 -1.70 -0.65 0.00 0.11 0.03 0.22 
Northern Europe_R1_#1 1.98 -4.99 -3.29 -2.10 -1.55 -0.23 -0.08 0.37 0.10 0.60 
Northern Europe_R1_#1 3.32 -4.97 -3.28 -2.10 -1.53 -0.17 -0.08 0.36 0.12 0.65 
SE Asia_R1_#1 15.2 -4.16 -2.78 -2.00 -1.37 -0.53 -0.01 0.09 0.03 0.18 
SE Asia_R1_#1 10.7 -3.00 -1.99 -1.41 -0.99 -0.32 -0.02 0.09 0.01 0.18 
SE Asia_R2_#1 2.20 -2.44 -1.58 -1.24 -0.86 -0.37 -0.07 -0.05 -0.06 0.03 
SE Asia_R2_#1 74.0 -2.35 -1.49 -1.15 -0.73 -0.26 -0.12 -0.03 0.02 0.12 
SE Asia_R3_#1 4.58 -3.95 -2.63 -2.03 -1.29 -0.62 -0.03 -0.06 0.02 0.04 
SE Asia_R3_#1 6.75 -3.79 -2.51 -1.94 -1.22 -0.52 -0.04 -0.05 0.04 0.12 
SE Asia_R4_#1 0.18 -1.05 -0.59 -0.23 -0.25 0.22 -0.18 0.21 0.05 0.37 
SE Asia_R4_#1 0.17 -0.36 -0.22 0.03 -0.05 0.28 -0.04 0.19 0.06 0.33 
SE Asia_R4_#1 0.19 -0.46 -0.19 0.04 -0.01 0.28 -0.17 0.18 0.09 0.33 
SE Asia_R5_#1 27.3 -2.96 -2.05 -1.38 -0.94 -0.25 0.10 0.16 0.09 0.26 
SE Asia_R5_#1 17.4 -1.67 -1.14 -0.80 -0.51 -0.10 0.04 0.07 0.07 0.19 
SE Asia_R5_#1 39.9 -2.31 -1.61 -1.09 -0.76 -0.12 0.09 0.12 0.05 0.29 
SE Asia_R5_#2 0.12 1.08 0.75 0.56 0.40 0.36 -0.05 0.00 0.02 0.17 
SE Asia_R5_#2 0.13 1.11 0.73 0.61 0.40 0.31 0.03 0.06 0.04 0.13 
SE Asia_R5_#2 0.09 1.12 0.81 0.65 0.44 0.32 -0.09 0.04 0.03 0.12 
SE Asia_R5_#4 0.001 0.26 0.12 0.07 0.02 0.04 0.08 -0.02 -0.04 0.01 
SE Asia_R5_#4 0.001 -0.15 -0.17 0.04 0.03 0.11 0.11 0.17 0.11 0.15 
SE Asia_R5_#4 0.002 -1.06 -0.76 -0.62 -0.36 -0.10 0.08 -0.04 0.03 0.09 
Catalyst Blank 0.001 0.12 0.02 0.06 0.06 0.16 0.08 0.04 0.04 0.15 
Catalyst Blank 0.001 -0.09 0.00 0.06 0.06 0.13 -0.09 0.06 0.06 0.13 
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Table 4.4 Summary of available ancillary parameters for the MRU’s from which catalyst samples were 
collected.  
 
Sample Name THg Total Bed Volume 
Period in 
Duty 
Operating 
Temperature 
Operating 
Pressure 
  
mg/g  
m3 months degrees C bar 
Australia_R1_#1 18.5 NA NA 40 150 
Australia_R1_#2 0.20 NA NA 40 150 
Brazil_R1_#1 32.6 NA 66 40 72 
Brazil_R1_#2 0.42 NA 66 40 72 
Malaysia_R1_#1 28.9 60 11 41 50 
Malaysia_R1_#2 8.41 60 11 41 50 
Malaysia_R2_#1 1.65 22 7 43 55 
Malaysia_R2_#2 3.87 22 7 43 55 
North Sea_R1_#1 89.8 37 13 95 70 
North Sea_R1_#2 30.5 37 13 95 70 
Northern 
Europe_R1_#1 
2.65 26 34 20 60 
SE Asia_R1_#1 12.9 34 17 33 21 
SE Asia_R2_#1 38.1 60 7 42 52 
SE Asia_R3_#1 5.66 90 28 25 28 
SE Asia_R4_#1 0.18 114 16 32 20 
SE Asia_R5_#1 28.2 30 8 NA NA 
SE Asia_R5_#2 0.11 30 8 NA NA 
SE Asia_R5_#3 0.001 30 8 NA NA 
SE Asia_R5_#4 0.001 30 8 NA NA 
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Figure 4.5 Plot of THg vs. δ202Hg values for MRU catalysts  
Plot of THg (on a logarithmic scale) vs. δ202Hg values for MRU catalysts, divided into inlet (solid green squares) 
and downstream (open green squares) samples. Analytical uncertainty for δ202Hg values is smaller than the symbols. 
 
 
-4.00 
-3.00 
-2.00 
-1.00 
0.00 
1.00 
2.00 
0 1 10 100 1000 10000 100000 
 δ
20
2 H
g 
(‰
)  
Log(THg Conc.) [µg/g] 
Catalyst Inlet Samples 
Catalyst Downstream Samples 
Catalyst Blank 
 147 
Chapter 5 Conclusion 
 
 Mercury (Hg), as a neurotoxic trace metal pollutant with a global distribution, has been 
the subject of intensive study to better inform efforts to limit both human and wildlife exposure. 
The persistence of Hg in the environment, particularly at sites impacted by direct anthropogenic 
Hg releases, necessitates that we continue to expand our understanding of the complex set of 
environmental processes and biogeochemical conditions that control the mobility and fate of Hg. 
Identification of multiple Hg sources (e.g. legacy contamination Hg, natural emission source Hg, 
and modern anthropogenic Hg sources) in the environment can be difficult with conventional Hg 
concentration measurements – the analysis of Hg stable isotope ratios has added to the toolkit 
researchers can utilize to study Hg cycling in contaminated ecosystems.  
5.1 Review of Key Findings 
5.1.1 Source Apportionment within Hg-contaminated Aquatic Ecosystems 
In both Chapters 2 and 3, we were once again able to demonstrate the utility of Hg stable 
isotopic analysis as a tool for source apportionment within Hg-contaminated aquatic ecosystems. 
A substantial body of work had previously demonstrated the ability of Hg stable isotope ratios to 
distinguish between Hg sources in the sediments of aquatic ecosystems (Sonke et al., 2010; 
Perrot et al., 2010; Liu et al., 2011; Foucher et al., 2013; Bartov et al., 2013; Yin et al., 2013; 
Donovan et al., 2014; Lepak et al., 2015; Smith et al., 2015; Wiederhold et al., 2015; Donovan et 
al., 2016a; Donovan et al., 2016b), but few studies had extended isotopic end-member mixing 
models beyond sediments to other Hg reservoirs within aquatic ecosystems (e.g. riparian bank 
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soils, groundwater, dissolved-phase Hg). In the work conducted at South River, we aimed to take 
a more holistic approach by examining a number of physical reservoirs of Hg that could be 
influencing the Hg isotopic composition within the fluvial ecosystem. By analyzing Hg 
associated with suspended particulates, we were able to suggest that a previously unknown Hg 
isotopic end-member was influencing the isotopic composition of Hg within the South River 
channel (Chapter 2, Washburn et al., 2017), as some of the suspended particulates had elevated 
THg values and relatively low δ202Hg values that could not be a mixture of the regional 
background and industrial Hg end-members. Subsequently, we were able to identify the source 
of this end-member in streambed sediments (Chapter 3, Washburn et al., in review), and 
demonstrate that the three end-member mixing model is able to account for the observed 
variations in ∆199Hg values within the South River channel. As a caveat, the proposed three end-
member mixing model is not able to explain the Hg isotopic composition observed within 
porewaters collected from channel margin hyporheic zones of the South River, which exhibited 
more positive δ202Hg values than any measured physical reservoir of Hg as well as variable MIF 
signatures.  
5.1.2 Spatial and Temporal Variation of Hg Stable Isotopes within Hg-contaminated 
Aquatic Ecosystems 
In both Chapters 2 and 3 (Washburn et al., 2017; Washburn et al., in review), we sought 
to explore the role both spatial and temporal variability had on the Hg isotopic composition of 
physical reservoirs of Hg within the contaminated fluvial system. In the South River, hydrologic 
conditions were demonstrated to have an influence on within-channel Hg isotope fractionation 
and Hg partitioning, with significant isotopic discrimination (δ202Hg offset ~0.28‰) between 
suspended particulate Hg and filtered surface water Hg during low or base flow conditions, with 
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no observation of this phenomenon during elevated flow conditions. We hypothesized that the 
diminished presence of dissolved Hg(II) sources during elevated flow, whether related to dilution 
of the Hg load or changes in the physiochemical properties of the South River channel during 
elevated flows, would limit the proposed fractionation mechanism responsible for the δ202Hg 
offset between filtered surface water and suspended particulates (Washburn et al., 2017; 
Washburn et al., in review). Our understanding of the role that discharge played in Hg cycling 
within the South River was only made possible by a sampling campaign that was designed to 
encompass a large spatial range along a longitudinal transect of the river channel as well as 
differing hydrologic conditions. 
Analysis of a sediment profile collected from a South River floodplain led to the 
conclusion that that past releases of Hg to the South River did not have a completely 
homogenous isotopic composition, with brief temporal excursions in δ202Hg values (up to δ202Hg 
= +0.40‰) from the average composition observed in the modern (δ202Hg = -0.51 ± 0.07‰). The 
brief, relatively more positive excursions in isotopic composition of the sediments are similar to 
Hg analyzed in a subset of downstream banks soils, suggesting that past releases of Hg to the 
South River are influencing observations in the modern. Our work in the South River 
underscores the need for studies of dynamic contamination-impacted ecosystems to assess the 
full range of temporal, physiochemical, and spatial variation that are present in these ecosystems, 
as these parameters can exhibit a strong influence on the observed Hg isotopic composition. 
5.1.3 Hg Isotopic Composition of Natural Gas 
In Chapter 4 (Washburn et al., 2018), we presented the first measurements of the isotopic 
composition of Hg in natural gas (NG). We demonstrated that there is a significant variation in 
the isotopic composition of Hg within NG at a global scale (δ202Hg= -3.75 to -0.68‰ and ∆199Hg 
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= -0.09 to 0.65‰). In addition, we observed significant isotopic variation for Hg from reservoirs 
within the same region (SE Asia) (δ202Hg= -2.57 to -0.68‰ and ∆199Hg = -0.02 to 0.25‰). 
Despite previous work that has suggested that Hg emissions related to NG processing and 
combustion being a negligible contributor to the global atmospheric Hg cycle (Pirrone et al., 
2010), at the local and regional scale NG processing facilities have been demonstrated to 
increase ambient air Hg concentrations and elevated local events have been shown to correlate 
with Hg content of co-located bioindicators such as epiphytic lichens (Spiric and Mashyanov, 
2000; Horvat et al., 2000). The large range in Hg isotopic composition of NG suggests that Hg 
stable isotope ratio analysis could be a useful tool for assessing the impacts of Hg emissions 
related to NG processing on local environments. 
5.2 Future Directions 
 The work presented in this dissertation has added to the growing canon of studies that 
have used Hg stable isotope analysis to understand environmental Hg cycling, particularly 
related to the impacts of anthropogenic activity. The results of this dissertation point towards a 
number of directions that future studies can take to continue the advancement of the 
understanding of Hg cycling and Hg stable isotope dynamics.  
Specifically, the work on the South River presented in this dissertation underscores the 
need for future studies involving Hg stable isotopic analysis to conduct research that fully 
accounts for the potential spatial, temporal, and hydrologic variations inherent to complex 
aquatic environments. Without a full accounting for the influence of these parameters on Hg 
isotopic composition, inferences about aspects of the biogeochemical cycling of Hg within 
aquatic systems can be oversimplified. The unexpected observation of an average Hg isotopic 
composition in hyporheic zone porewaters that differed from that observed in surface waters and 
 151 
other Hg reservoirs within the South River, as discussed in Chapter 3 (Washburn et al., in 
review), underpinned that Hg dynamics within hyporheic zones are not well constrained and the 
influence of Hg exchange between channel and hyporheic zones has not been sufficiently 
explored. The complex, changing redox conditions within hyporheic zones and fluctuating 
hydrologic gradients are likely to have a significant impact on the isotopic composition of Hg 
stored within the substrate. Altogether, this suggests that future studies that aim to combine 
observational field studies with experimental studies about the isotopic partitioning dynamics of 
Hg in dark, low-oxygen sediments would be highly beneficial to our understanding of fluvial Hg 
cycling.  
The observation of Hg isotopic partitioning between dissolved and suspended particulate 
fractions in the South River, and the apparent dependence of this partitioning on discharge 
conditions, was unable to be fully contextualized within a framework of previous experimental 
work. Experimental studies designed to probe the aqueous isotopic fractionation of Hg to 
dissolved organic matter, as well as suspended particulates that likely represent aggregates of 
both organic matter and mineral components, would enhance our understanding of Hg cycling in 
aquatic ecosystems. Additional field studies that focused on the Hg isotope dynamics of 
dissolved Hg released into aquatic settings from legacy contamination, particularly at sites with 
characteristics that differ from the South River (e.g. tidal or estuary settings, lakes, headwater 
riverine systems) would provide insights that could inform our understanding of the impacts that 
continued release of legacy Hg sources will have on ecosystems and better guide future 
remediation efforts. 
The significant range in Hg isotopic composition observed in the initial survey of Hg 
within NG (Chapter 4, Washburn et al., 2018) suggests that there are a number of exciting 
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directions that future studies could explore to continue to improve our understanding of this 
growing energy sector. Previous studies that have demonstrated the ability of Hg isotope 
measurements to identify and trace atmospheric Hg emissions in local and regional environments 
(Estrade et al., 2010; Sherman et al., 2012; Blum et al., 2012; Demers et al., 2015), and the 
impacts of Hg emissions from NG processing have not been extensively documented in the 
literature. Hg isotopic analysis may be a feasible monitoring tool for Hg emissions from NG 
production in some gas fields if future studies combined targeted sampling of both NG at various 
stages of processing and environmental receptors. Incorporating Hg isotope measurements into 
models of global Hg cycling is an area of emerging research (Sonke, 2011; Sun et al., 2016). 
With further analyses of NG from around the world and investigation of the isotopic 
fractionation associated with NG processing, global and regional average Hg isotopic 
composition of natural gas and associated emissions could be estimated to characterize this input 
to atmospheric Hg isotope models. Although we were not able to discuss the origin of Hg within 
NG due to constraints related to the proprietary nature of the catalyst samples that comprised our 
dataset, our study did suggest that additional research into the sub-surface cycling of Hg is 
needed. In particular, measurements are needed to characterize the isotopic composition of Hg in 
modern depositional environments analogous to those thought to produce hydrocarbon 
reservoirs, as well as Hg from potential epigenetic Hg sources such as volcanic emissions and 
hydrothermal systems. 
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